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Abstract

The discovery of superconductors with high critical temperatures (7.) has led to a
considerable effort to fabricate Josephson junctions operating at temperatures
approaching, or even exceeding, 77 K for both scientific investigations and potential
applications. Superconductor-normal-superconductor ( SNS) devices, with noble or
oxide metals as normal interlayers, are perhaps the most widely explored high-T,
junction type at present. Although demonstrations of individual high-~ SNS devices
exhibiting excellent current-voltage characteristics, high critical current-resistance
products, and low noise behavior have been made, reproducible devices suitable for
electronic applications are elusive. It is therefore important to ask how well these
nominally SNS high-T, junctions are understood. We review the available data, with
emphasis on junction critical currents, and conclude that there is little evidence
supporting a conventional proximity effect interpretation in the majority of reported high-
T. devices. The strongest candidates for SNS behavior are junctions in which N is a
superconductor above its transition temperature. We discuss the present experimental
and theoretical understanding of SNS junctions with emphasis on the implications for
future research and development of these devices.
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Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena,
CA 91109-8099.
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1. INTRODUCTION

The Josephson effect can be envisioned as a small overlap of gquantum-mechanical
wavefunctions between two weakly-coupled superconductors [1]-[5]. The primary
manifestation of the effect is the flow of a lossless supercurrent I, =1 sin¢ across the
junction, where ¢ is the difference in the phases of the wavefunctions across the
junction and I, is the maximum, or critical, supercurrent. The critical current reflects the
strength of the electrode coupling. In this paper we will examine stationary junction

properties (time-independent ¢), primarily in devices having high critical temperature
(T.) superconducting electrodes.

Although the original Josephson devices were tunnel junctions, the general concept of
overlapping wavefunctions applies equally well to other weakly-coupled
superconducting structures [6]. Most Josephson applications such as superconducting
guantum interference devices (SQUIDS) [7] and single flux quantum logic [8] require a
single-valued (non-hysteretic) current-voltage (/ — V) characteristic. This behavior is
natural in non-tunneling weak links. In contrast, tunnel junctions offer such
characteristics only when their intrinsically high capacitance is externally shunted by a
resistor, at some cost to performance [9]. Tunnel junctions have prevailed as the low- T,
technology of choice because robust, reproducible devices with high electrical
performance can be fabricated with acceptable margins. Research on alternative low-
7. junction types was largely abandoned when Nb-based tunnel junction technology

with good control of critical currents (roughly =10% of the target value) became
routinely available in the early 1980’s [1 O].

Following the discovery of the high-7. superconductors in 1986, efforts began
immediately to produce electronic devices based on them. Recent attempts to develop
high-T. Josephson technology are reminiscent of the similar drives to develop low-T,
junctions in the 1960’s and 1970’s [1 1]. Atiempts to fabricate tunnel junctions with high-
T, electrodes have not yet been particularly successful. The present need is to find a

reliable high- T, Josephson technology that is as generally applicable as tunnel junction
technology has proven to be for low-T. applications.

Demonstrations of the Josephson effect in high-7, materials were made almost
immediately following the discovery of the materials themselves, and a variety of
functional Josephson weak links have been fabricated [12]. Significant initial successes
were achieved with junctions based on clean grain boundaries in high-7. films, an
approach that is not known to be possible with traditional metallic superconductors but
is natural in oxide superconductors [1 3]. However, the search for a manufacturable
technology has led to a significant effort aimed at developing superconductor-normal-
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superconductor (SNS) junctions. Such devices were fairly successful with low-7
materials prior to the perfection of tunnel junctions.

The physical basis for SNS junctions is the proximity effect, the leakage of Cooper pairs
out of the superconductor and into the normal metal near an SN interface. In contrast
to tunnel junctions, in which Cooper pairs are forbidden from the insulating region
between the superconducting banks, Cooper pairs move through the N region of an
SAW junction by ordinary metallic transport. Conventional proximity effect theory has not
been tested to any great extent on either high-7 materials or at high (>10 K)
temperatures. On the other hand, despite possible evidence for an unconventional
pairing mechanism and order parameter symmetry in high-7. materials [14], there is no
a priori reason to believe that the conventional proximity effect should not be observable
in high-~ SNS junctions. At present, we cannot yet tell if the basic physics of high-7,
junctions is radically different from or essentially the same as that of low-7. ones.

Examples abound in the literature of individual high-7. weak links exhibiting nominally
SNS behavior by virtue of their current-voltage characteristics. Although these
structures have acceptable electrical properties, there is significant reason to doubt that
the vast majority of them can be understood in terms of conventional proximity effect
theory [15]. In other words, many nominally SNS high-~ junctions are probably not SNS
devices at all. Of course, this statement in itself does not directly impact the usefulness
of the devices fabricated. However, if conventional proximity effect theory is to be used

to guide the development of these devices into a practical technology, it is essential to
apply the correct description.

One distinguishing characteristic of many high-7. weak links, including nominally SNS
devices, is an approximately linear temperature dependence of junction critical current:

-1 -
I = 1( TJ (1)

over the entire range below 7., the transition temperature of the superconducting
electrodes. Indeed, Eqgn. (1) approximately describes data from grain boundary
junctions, which are the best-characterized high- 7. Josephson junctions to date. In
contrast, the quasi-linear 1.(T) behavior is not typical of low-T. Josephson junctions and
is inconsistent with conventional proximity effect theory. The most obvious conclusion is
that Eqn. (1) describes the various types of high-7, junction structures because the
underlying mechanisms for the Josephson behavior in these high-7. devices is the
same. For example, many nominally SNS junctions may actually be arrays of grain-
boundary-like pinholes. In other words, the temperature dependence of I, provides at
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least circumstantial evidence that the majority of high-7. Josephson junctions

designated as “ SNS" in the literature are probably not governed by the proximity effect
at all.

The term "SNS" by convention identifies a junction in which Josephson current is the
result of weak coupling of the superconducting electrodes through a normal layer via the
proximity effect. Although we will show that most claimed “ SNS" junctions do not meet
this definition, we will follow the existing literature in referring to any junction in which
electrode coupling is intended to occur via the proximity effect as an SNS device. In
addition, applying the term “barrier” to the N layer of an SNS device implies tunneling,
which is not the intended mode of current transport. Therefore, this term is not
appropriate in discussing SNS devices, unless it refers to actual barriers at the SN
interfaces. We will instead refer to the normal region as the "“interlayer.”

Barriers can and do occur at some SN interfaces. We designate such junctions as
SINIS, where I denotes an insulator. This idea is easily generalized to other non-ideal
SN interfaces. We will treat SINIS junctions as a subset of the general case of SNS
devices because the underlying physics is the same. 1 he behavior of an SNS junction
is influenced by both what happens to the superconducting order parameter in crossing
the SN interfaces, which primarily affects the magnitude of 7, and by loss of coherence
in N itself, which affects the length and temperature dependence of /.. In general,

conventional SNS proximity effect theory provides an adequate description of low-T,
device behavior [16].

In superconductor-semiconductor-superconductor ( SSmS) junctions, an SNS description
focusing on the behavior of the order parameter in the interlayer is also fairly successful
in describing, for example, the temperature dependence of the critical current.
However, the SINIS nature of these SSmS devices was largely ignored for years, even
though the interfaces turned out to be important in understanding basic device
properties such as the magnitude of 7. [17]. With high-T, SNS devices, the situation is
reversed: It is well-accepted that interface resistance dominates device resistance in
most cases [18] and that the devices are therefore S/NIS ones. However, in high-T.
devices little attention has been given to the effect of the loss of coherence in N, as
reflected in the temperature dependence of the critical current.

In this paper, we will attempt to establish that conventional proximity effect theory,
based on the Bardeen-Cooper-Sch rieffer (BCS) theory of superconductivity [1 9],
provides an adequate description of experimental results in only a few reported high-~.
devices. This will enable us to argue that most alleged “ SNS” high-7, devices are likely
not truly SNS in nature. It is important to thoroughly understand this issue because
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much present research focuses on developing a high-T, device technology based on
SNS devices. If many useful junctions are actually non-SNS in nature, the future
directions of materials-related research should be impacted. If the existence of any
high-7. SNS junctions obeying conventional proximity effect theory can be firmly
established, and we believe that such cases exist [20], then the theory can provide a
useful tool for evaluating further device development. Such a successful test of the
theory would provide strong motivation to reject claims of SNS behavior that obviously
violates the theory. We emphasize that the present discussion is aimed at
understanding device physics and guiding future research. That a particular device
conforms to conventional SNS theory does not, in itself, make it useful from the point of
view of applications.

The organization of this paper is as follows. In Section Il we review the basic properties
of various types of high-T. weak links. Proximity effect theory, as applied to SNS
junctions is discussed in Section Ill, with low-T: experimental results briefly examined in
Section V. Section V presents a comparative study of high-~ SNS junctions. Finally,
Section VI discusses the implications of our analysis for future device development.

II. SURVEY OF HIGH-T¢ WEAK LINKS

In this section, we briefly review the basic theoretical descriptions of weak links and
survey the various types of high-7. devices demonstrated to date. This overview of
experimental results is intended to be representative of the literature, not exhaustive.
Our survey will focus on the temperature dependence of the experimentally-measured
device critical current, I_. In particular, we will be interested in the shape of normalized
I(T) data over the entire temperature range below T,. As we shall see, this
measurement provides a clear insight into the nature of the junction in question,
allowing us to distinguish SNS devices from other junction types. Although the
temperature dependence of I, close to 7, is often studied in detail, its theoretical
interpretation is ambiguous, as we will discuss in Section lll, Finally, the magnitude of
the critical current is also important but its interpretation is more complex.

Before we begin our survey, several other points should be emphasized. At low
temperatures, critical currents can increase to values so large that the Josephson
penetration depth [21] becomes smaller than the junction size, which affects the
interpretation of experimental data. In other cases, devices which are acceptable
Josephson junctions near 7, change character at low temperatures, becoming simple
superconducting filaments. Such junctions can often be eliminated from consideration
because their characteristics change from “junction-like,” characterized by a sharp onset
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of the voltage state with V (> —7I)"* (upward concavity) to “flux-f low-like,”
characterized by a rounded I -V curve with downward concavity just above I.. The
latter curves may resemble noise-rounded characteristics [22], but the deviation from

the ideal (non-noise-rounded) case increases with decreasing temperature rather than
decreasing.

Finally, we note that analysis in terms of reduced temperature, T/T,, requires
specification of T.. We will use as our definition of 7. the extrapolated temperature at
which 7. apparently goes to zero, which is reasonable when the overall form of the data
resembles the linear relationship of Egn. (1). This definition may not be appropriate
when I (T) data from long SNS devices are compared to theory. In such cases, T,
must be determined independently because I, can be immeasurably small over a
considerable range below 7,. In many situations, the apparent 7, of the device is
considerably lower than the value characteristic of the electrode films. As will be
discussed in Section Ill, the proximity effect cannot account for any significant reduction
of T in these devices, and the reduction is presumably due to degradation of the films

in processing. One likely criterion for a well-fabricated device is a 7. very close to that
of the bulk electrode material.

A. Basic Classifications of Weak Links

Tunnel Junctions

Tunnel junctions are by far the best-understood Josephson devices. The Ambegaokar-

Baratoff [23] prediction for the critical current, z,, of a tunnel junction at a temperature,
Tis:

I = EA—(T) tan‘;@:‘

2
‘2 eR L 2kT @)
where R is the normal state zero-bias resistance of the junction and 2A is the energy
gap of the (identical) superconducting electrodes. For the standard BCS prediction

2A(0) = 3.53k T, [24], the I.(T) dependence is illustrated in Fig. 1a.Eqgn. (2) is well-
established experimentally for low- 7. materials [3].

Point Contacts

The weak coupling required for the Josephson effect can also be provided by
connecting two massive superconducting banks by a tiny bridge of superconductor
material. Kulik and Omel'yanchuk derived expressions for the supercurrent in a point
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contact by considering two superconducting electrodes separated by a tiny orifice of
radius a@ in an otherwise opaque interface, with a<<¢, the coherence length in the
superconducting electrodes. For a dirty ( ¢,<<a) ‘contact [25]:

RO nchosg A(T)sin-i)

R P tan ) ——-——— W ! (3)
enR,  u=0 (U,‘f + A2(T>COSZ RS (ws + AI(T) COSX-_
( Z, 2 2/ )

I

3

where ¢_is the mean free path in the superconducting electrodes, ®, = (2n + 1)7kT are
the Matsubara frequencies in the Fourier sum of the Fermi-Dirac distribution, and ¢ is
the difference in the phases of the quantum-mechanical wavefunctions characterizing
the two superconducting electrodes. For a clean ( ¢,>>a) contact [26].

A(T)cosﬂ
2 @
2kT

I = A(T) sin(—@) tanh
: eR 2

n

In Eqgns. (3) and (4), the relationship between supercurrent and phase is non-sinusoidal,
deviating from the ideal Josephson relationship, I, =1, sin¢. However, these deviations
from ideality are not extreme except at low temperatures. In fact, Egns. (3) and (4) are
equivalent to Eqn. (2) with I, = I_sin¢ for A(T)<<KT. Although non-ideal behavior may
affect device function, we will not concern ourselves here with the implications of non-
sinusoidal current-phase relations, as these are of importance primarily in the voltage
(non-stationary) state. (Note that in the present context “clean” and “dirty” refer to the
ratio of the mean free path, £,, to the contact dimensions. In all subsequent
discussions, these terms will be used in their proximity effect context, referring to the

ratio of the mean free path, ¢,, to the coherence length in the normal interlayer of an
SNS junction.)

Point contacts have larger predicted /.R products than tunnel junctions. Eqgns. (2) - (4)
predict that el R, / A(O) = m/2,0.66m, and n for tunnel junctions, dirty point contacts,
and clean point contacts, respectively. The dependence of I. predicted by Eqgns. (2) -
(4), normalized to zero-temperature values, are illustrated in Fig. 1, for the case
2A(0) = 3.53kT.. Note that the normalized tunnel junction and dirty point contact curves
(Figs, 1a and b, respectively) have similar shapes, while the clean point contact curve

(Fig. 1c) is quasi-linear, roughly approximating the linear dependence of Eqn. (1) (Fig.
Id).
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The value of A(0)/kT. has a major influence on the shape of 7. (T) within these theories.
We illustrate this point in Fig. 2, which shows normalized 7 (T) curves for tunnel
junctions and point contacts with reduced values for 2A(0)/k7,. The values were
chosen to result in quasi-linear behavior in the tunnel junction (Fig. 2a) and dirty point
contact (Fig, 2b) cases and nearly-linear behavior in the clean point contact case (Fig.

2c). The relevance of this exercise will be apparent as we examine actual experimental
data.

SNS Junctions

The critical current and conductance of a tunnel junction decrease exponentially with
barrier thickness, and typical useful barriers are on the order of 1nm thick. SNS
devices are attractive because they can circumvent the ultra-thin barrier requirement.
The conventional theoretical description of SNS junctions will be discussed in detail in
Section lll. For now, we need only note that the critical current I, of an SNS junction
decays exponentially with increasing electrode separation, L, as:

I=1,¢"" (L>>LO). (5a)

We shall see that the characteristic decay length L, is typically &, (T), the coherence
length in N. This exponential dependence on Lresults from the spatial decay of the
superconducting order parameter on the normal side of an SN interface over a distance
of order &,. Generally, &, is much longer than typical tunnel barrier thicknesses. Locally,
the junction critical current density, J., obeys

J=J,e-""  (L> L) (5b)

In the simplest cases, I. = J. A, where A4 is the cross-sectional area of the junction.

The prefactors 1., and J,, in Eqns. (5) are somewhat temperature dependent, but the
exponential factor exp[—L/L,,(T)] dominates the temperature dependence of I,
resulting in a dramatic increase in I, as temperature decreases below 7. This upward
concavity in I (T) is opposite to that of the curves in Fig. 1. More importantly, the
exponential dependence implies major deviations from the linear behavior of Eqgn. (1)

and the quasi-linear behavior of Fig. Ic. These ideas will be fundamental to our
discussion of SNS devices.

Because the normal coherence length £ plays such a central role in the discussions
that follow, it is worthwhile to develop an intuitive idea of its significance. As in the case
of £,, its counterpart in the superconducting materials, ¢ reflects the mean size of a
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Cooper pair [27] in the N material. A straightforward estimate of the coherence length
is obtained from the uncertainty principle. Consider a clean N material with transition
temperature 7,, = O and mean free path £, large compared with other relevant length
scales. The uncertainty principle states that the product of the position and momentum
uncertainties of a Cooper pair exceeds A. The position uncertainty is the mean size of
the Cooper pair itself, £&_. The. momentum uncertainty, dp, can be estimated as
v,0p=06E, where v, is the Fermi velocity in N and 6/ is the uncertainty in the energy
around the Fermi surface, about k7 in a normal material (or about A in a
superconductor). Thus, &, is approximately hv,/kT. It is therefore not surprising to
find that, in the clean limit (£,>>¢&,.), &, is given by [28]:

énc = TTvn’ (6)

where 7, = A/Q2akT) = 1.22/ T ps — K.

In the dirty limit (£,<<£&,), the usual random walk argument leads to an expression for

Cna’

EalEcts 1d)" 7 (2,D,)", (7)
where D, is the carrier diffusion constant in N (D, =v,{ /d, where d is the
dimensionality). Throughout the remainder of this work, we will use the subscripts “n”,

«c~,and “d” to denote the N layer and the clean and dirty limits, respectively. Note that
"clean" and "dirty" refer here to the ratio{,/&,., and not to the ratio of £, to contact
dimensions.

For arbitrary ¢,,Eqgns. (6) and (7) represent upper limits to the value of &, . For typical
noble metals, V, =1-2x 106 m/s, so ¢, =300-600 nm at 4.2 K and 15-30 nm at 77 K.
For thin noble metal N films, £, is typically limited by the film thickness. So, if £, < 100
nm, & ,<100-140 nm at 4.2 K and 20-30 nm at 77 K. Thus, at low enough
temperatures, the dirty limit prevails, while the clean limit can hold at relatively high
temperatures (=77 K). For oxide N layers, v, is an order of magnitude or more
smaller, reducing &, proportionally.

Classes of devices labeled "SNS" include SN’S devices, where N’ denotes a
superconductor above its transition temperature 7., and SINIS junctions, where "/"

refers to an interface region with significant scattering created by, for example, grain
boundaries, poor material stoichiometry, or tunnel barriers.
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Unconventional Superconducting Order Parameter

In contrast to conventional superconductors, experimental evidence suggests that
Cooper pairs in high-~ cuprate superconductors do not exhibit spherically-symmetric
(s-wave) pairing. In particular, the case for d-wave pairing is presently rather strong
[14]. The impact of unconventional pairing on the critical. current of Josephson tunnel
junctions has been examined theoretically using the tunneling Hamiitonian formalism
[29]. It was found that the shape of I.(T) deviates from that predicted by Eqn. (2) for s-
wave superconductors. In the case of s + id symmetry, I.(0) is reduced by a factor of
0.67 and the shape of I.(T) lies between curves b and c in Fig. 1, In the case of d -
wave pairing, the shape of I.(T) is very close to the linear dependence of Eqgn. (1).

Unconventional pairing symmetry should also affect the shape of /.(T) in the case of
other, non-tunneling, types of Josephson junctions. In fact, it is possible that the
symmetry of the order parameter in the superconducting electrodes is the origin of the
seemingly ubiquitous quasi-linear dependence of 7.(7) in a wide variety of high-~
junctions. Nevertheless, the detailed implications of unconventional pairing symmetry
for the theory of SNS junctions are unknown at present, One might therefore argue that
it is futile to examine experimental high-7. data in terms of conventional theory.
However, we will be interested primarily in long SNS junctions, whose behavior is
dominated by the exponentially-decaying superconducting wavefunction in the normal
interlayer. The symmetry of the superconducting order parameter should have little, if
any, effect on the temperature-dependent decay length. Consequently, the exponential
dependence of /.(T; L), given by Egns. (5), should be unaffected by the symmetry of the
order parameter in the electrodes. Variations in the shape of 7.(T) are to be expected,
but only the temperature-dependent prefactor in Egns. (5) is affected. Thus, although
the precise magnitude and the fine details of the temperature dependence of the critical
current of an SNS junction will undoubtedly depend on the order parameter symmetry in

S, the basic signatures associated with the conventional proximity effect should hold in
all cases.

B. High-T_Grain Boundary and Tunnel Junctions

The Josephson effect was originally understood as a manifestation of tunneling between
superconductors and demonstrated in low-T7 tunnel junctions. It was quickly
recognized, however, that the concept of overlapping wavefunctions also readily applies
to other weakly-coupled superconducting systems [2]-[5]. Since well-behaved high-T,
tunnel junctions have remained elusive, it is fortunate ihat typical grain boundaries in
oxide superconducting materials act as natural Josephson weak links. This allowed
demonstrations of the Josephson effect in high-7. materials soon after their discovery,
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and was the basis for early explorations of high-~. electronics [30].

Grain Boundary Junctions

The presence of grain boundaries in oxide superconductors alters the electrical
properties to @ much greater extent than unconventional superconductors.!n ordinary
materials, grain boundaries typically enhance critical currents by acting as flux pinning
centers. In contrast, grain boundaries in oxide superconductors act as weak links [31],
providing a natural means for fabricating Josephson junctions. Fig. 3a is a schematic
diagram of a grain boundary junction, which may be fabricated using the naturally-
occurring grain boundaries in a polycrystalline film [32], by growing a high-T. film on a
bicrystal substrate [33], or with a bi-epitaxial process [34] -[36] in which grain boundaries
are produced by the selective use of seed layers. The hi-crystal technique has the
advantage of controlling the relative angle between the grain boundaries. The bi-
epitaxial process gives only a 45° disorientation between adjacent YBa,Cu,O,_s grains
for an underlying yttria stabilized zirconia (YSZ) [34],[36] or MgO [35] seed layer but has
the advantage of placing junctions at arbitrary locations on a substrate. Finally, grain
boundaries can be induced by growing a high-~ superconductor film over a steep step
deliberately introduced into the substrate [37], [38], as illustrated schematically in Fig. 3b.
Well-behaved Josephson junctions have been produced by many groups by each of
these methods. Figures 4- 6 show data for the temperature dependence of I for
several representative grain boundary junctions.

Models of grain boundary junctions [41] include near-ideal Josephson elements in
series with superconducting filaments (which add kinetic inductance) and non-
superconducting shunt paths. Both tunnel and point contact models have been used for
the Josephson elements. In Figs. 4-6, the data are scaled to 1.(0). Fitting such data
implicitly introduces an arbitrary prefactor, a practice consistent with the idea of shunt
paths which do not carry significant supercurrent. In natural grain boundary junctions
I.(T) is fairly linear, as shown in Fig. 4a, although it rises noticeably above the linear
dependence at low temperatures. This dependence is also characteristic of hi-crystal
grain boundary junctions, as shown in Figs. 4b and 4c. Low-angle grain boundaries
exhibit more nearly linear 1.(7T) dependence [40]. Bi-epitaxial and step edge junctions
have similar temperature dependence, as shown in Figs. 5 and 6.

None of the data shown in Figs. 4-6 resemble the theoretical curves of Fig. 1. However,
it has been noted [31] that some grain boundary junction data can be fit by Eqn. (2) if a
gap 2A(0) in the range k7, to 1.5k7,, smaller than the usual BCS value of 3.53 k7. [24],
is assumed, The fact that the curves of Fig. 2 resemble the data in Figs. 4-6 shows that
this idea works for point contact, as well as tunnel junction, models. In Section Ill, we
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will see that curves of this general quasi-linear shape can also be obtained from SNS
models for particular values of interlayer thickness. That data can be fit to Eqns. (2)-(4)
by adjusting A(0)/ kT, underscores the idea that, even for tunneling between identical
superconductors, there is no single universal theoretical I, (T) curve,

A reduced gap in the active region of the junction is at least plausible because of the
anisotropy in A. InYBa, Cu,0,_;, a small gap may occur even in the ah-planes [42]. As
we shall see in Section Hll, gap reduction near high-~. superconductor interfaces with
non-superconducting materials is expected. However, fitting data with curves such as
those shown in Fig. 2 represents only a naive and ad hoc comparison with standard
theories. It does not constitute a strong argument for tunneling or point contact
descriptions of grain boundaries. For example, Eqgns. (2)-(4) do not allow fits to all
available data on grain boundary junctions. By demonstrating that several basic models
can fit experimental data of the type shown in Figs. 4-6, we illustrate the dangers of
drawing sweeping conclusions from I, (7’) data alone.

Tunnel Junctions

The fabrication of tunnel junctions with conventional metallic superconducting
electrodes has become straightforward [43]. The electrode films are typically
polycrystalline and can be deposited at room temperature. Tunnel barriers are formed
by oxidation of metal films, either the metallic base electrode itself or a very thin metal
film deposited on the base electrode. Junction properties are sensitive to those
properties of the electrode films within a coherence length & (typically 10-100 nm) of
the barrier, This distance is sufficiently large in many low-~. materials to allow the
superconducting electrode films to be characterized by their bulk properties.

In the case of some conventional compound superconductors, such as the binary A-15
materials, the need for epitaxial film growth leads to high processing temperatures,
resulting in problems with barrier integrity during counterelectrode deposition. The short
superconducting coherence length in these materials makes it difficult to achieve bulk
properties in the counterelectrode adjacent to the interface. The net result is that no
viable tunnel junctions with two A — 15 electrodes have yet been produced. These
problems are present in the case of high-7. oxide superconductors as well. It is difficult
to fabricate tunnel junctions in which the bulk properties of high-7. electrodes are
maintained to within &, (roughly 2 nm) of the barrier. The superconductors’ complex
chemical structures and large anisotropies lead to additional processing problems.
Nevertheless, attempts to fabricate high-7. tunnel junction have been made, and the
results offer insights that will prove valuable in our later examination of SNS devices.
We cite here examples of devices intended as tunnel junctions which exhibited
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Josephson currents.

Robertazziet al. [44] demonstrated YBa,Cu,0,_s- MgO-YBa,Cu,0,_; edge junctions with
excellent Josephson weak link properties. The MgO layers were rather thick for tunnel
barriers; for a 3.2 rim-thick barrier, the device critical current density was as large as
J.=0.83 mA/um®. In addition, the I-V characteristics were non-hysteretic, an
unexpected result given the intended SIS device structure. Consequently, the authors
were led to conclude that the junctions were actually arrays of superconducting
microconstrictions in an insulating MgO matrix. Subsequently, this work was extended
to SrTi0, [45] and NdGaQ, [46] barriers with similar results. Fig. 7 shows I, (T) for a
representative nominally SIS junction after different processing steps.

The general resemblance of these curves to those obtained for grain boundary
junctions, shown in Figs. 4-6, suggests that a similar transport mechanism is involved in
these device structures [44]. Indeed, it is natural to suppose that an array of pinholes or
microconstrictions should behave in a manner similar to a grain boundary junction,
which is modeled in much the same way. We do not argue that these nominally SIS

junctions are literally equivalent to grain boundaries, only that the underlying origin of
their weak-link nature is similar.

Although attempts to fabricate artificially-layered structures in the form of high- 7, tunnel
junctions have not been particularly successful, it has been recognized that tunneling
may play a natural role in transport along the c-axis direction in layered cuprate
superconductors, particularly materials such as Bi,SrCa Cu,0; and T,,Ba,Ca,Cu,0,,
which are significantly more anisotropic than even YBa,Cu,0,_;. Critical currents in the
c-axis direction of single crystals of several cuprates have been studied [47] -[49]. The
results for Bi,Sr,CaCu,Oy,(Pb, Bi), Sr,CaCu,0,, and Tl,Ba, Ca, Cu,0 , are very similar,and
strongly suggest viewing the crystals as stacks of tunnel junctions. In contrast, critical
currents in single crystals of YBa,Cu,0, ; behave like an ordinary anisotropic
superconductors [48]. Figure 8 shows 1_(T) for (Pb, Bi),Sr,CaCu,0; [49] and
Tl,Ba,Ca,Cu,0,, [48] single crystals. Also shown is the Ambegaokar-Baratoff theoretical
prediction [23] for tunnel junctions, Egn. (2), assuming the standard BCS value for the
gap, 2A(0) = 3.53k7.. This agreement between experiment and theory strongly
suggests that conventional tunnel junctions are possible in high-~. materials, and that

the notion of relating the critical current to the BCS prediction for the energy gap, is
plausible in at least some circumstances.
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C. High-T_SNS Junctions

Co-planar and Sandwich SNS Junctions

The simplest SNS structures are coplanar bridges and thin film sandwiches [6],
schematically illustrated in Fig. 9a and 9b. Both require submicrometer lithography in
order to be useful for device applications. For bridges, the device length (electrode
separation), L, must be less than a few times &, in order to achieve useful critical
currents. For sandwiches, the device area must be extremely small in order to achieve
practical critical currents and resistances (assuming that the resistance is dominated by
the normal metal and not parasitic interracial effects). As a result, sandwich and
lithographically-defined co-planar geometries have received less. attention than other
approaches, and our discussion will reflect this fact.

Several attempts have been made to fabricate co-planar bridges [50],[51] using
YBa,Cu,0, , electrodes and Auinterlayers. Functioning Josephson devices were
produced, but their SNS nature was never systematically verified through careful
comparisons with proximity effect theory. Indeed, other attempts to fabricate similar
devices [52] have cast doubt on the possibility that true SNS junctions can actually be
produced in this way. Instead, it was argued [52] that all results can be better
interpreted in terms of unintentional superconducting shorts between the two electrodes.
Fig. 10a shows I, (T) for a co-planar YBa,Cu,0,_s-Au-YBa,Cu,0,_s bridge [511. The data
resemble the grain boundary junction data in Figs. 4-6, and show none of the upward

curvature with decreasing temperature expected from Eqgns. (5), even though
L/E (T)>4 at 77 K.

The statement-that high-~ planar microbridge SNS structures are relatively unattractive
for practical devices is based on conventional theory, which predicts very short
coherence lengths at the temperatures of interest. Some experimental I, (7) data from
planar bridge and sandwich junctions can be partially interpreted in terms of SNS theory,
but only by invoking a decay length L, in Eqns. (5) that is much larger than the normal
coherence lengths given by Egns. (6) and (7) [50], [54]. In several cases, this decay
length was found experimentally to be essentially independent of temperature [53]. This
is not predicted by conventional proximity effect theory and led some authors to invoke
the idea of a “long range proximity effect” [53] -[56]. There have been attempts to
explain long range proximity effects theoretically [57], as we will discuss further in
Section Ill. Of immediate significance, however, is that data from a planar
HoBa,Cu,0,_, - La, {Ba, ;Cu,0,_ - HoBa,Cu,0,__ junction (Fig. 10b) [53] againclosely
resemble the data taken on grain boundary weak links shown in Figs. 4-6.
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SNS Edge Junctions

Immediately after the discovery of high-~ oxide superconductors, it was recognized that
the materials are highly anisotropic, with transport occurring far more easily along the a-
b planes than in the c-direction. Consequently, the circuit uses of films with the c-axis
parallel to the substrate are very limited because wiring cannot turn corners without a
major change in transport properties. Moreover, film growth occurs more naturally and
evenly with the c-axis normal to the substrate. Thus, circuit-oriented work is usually
done with c-axis films, which tends to favor in-plane junction geometries.

The desire for a co-planar geometry not requiring deep-submicrometer lithography led
to a renewal of interest in edge junctions. Here, a sloped edge is formed in an epitaxial
high-T superconductor film for use as the base electrode. A metallic or quasi-metallic
interlayer and a superconducting counterelectrode are subsequently deposited to
complete the device [58], [59]. The resulting edge, or ramp, junction structure is
illustrated schematically in Fig. 9c. Edge junctions are well-known in low-~. materials
[60]. Edges appropriate for devices of this geometry can be formed by a variety of
methods, but the one most generally-applicable relies on ion beam etching (ion milling)

[60]. lon milling can also be applied to counterelectrode patterning [61 ], since this
etching method is applicable to any material.

For a variety of materials-related reasons, including lattice matching, oxygen variation
across an interface, and differential thermal expansion, quasi-metallic oxides have been
a common choice for interlayer materials in high-7. SNS junctions. Examples of cuprate
interlayers include non-superconducting (cold-deposited) YBa,Cu,0,_s [59] and
PrBa,Cu,0,_; [62] -[64]. Examples of cubic oxide metallic interlayers include Nb-doped
SrTiO, [65], CaRuO,[66], and SrRuO, [67], [68].

Figures 11 and 12 show the temperature dependence of /., for several representative
junctions with oxide interlayers. The quasi-linear nature of I.(7)is clear. Figs. 11 b and
11¢ compare two PrBa,Cu,0,_; junctions with L =20 and 8 nm, respectively (the actual
published data were I.R,, but R, is very nearly temperature independent). The two
junctions differ only slightly in I.R at T=0 despite the 150% difference in L. The
similarity of these data sets to each other, and to the data for the other junction types is
remarkable. Similarly, Figs. 12 b-1 2d compare several SrRuO, junctions which show

I.(T) behavior in the narrow range characteristic of grain boundary junctions (recall
Figs. 4-6).

According to conventional proximity effect theory, I, should depend exponentially on L
for SNS junctions. Moreover, the temperature-dependent length L, in the exponent of
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Egn. (5) should result in a significant upward concavity in I, (T) which is absent in
almost all of the available data. Also, the shape of the normalized 7. (7’) curves hardly
changes from device to device in spite of the large variation expected from a steep
length dependence. These issues will be discussed in more detail in Section V. For

now, we merely recognize that it is difficult to reconcile these observations with
conventional proximity effect theory.

The general similarity of these data strongly support the idea that these nominally SNS
devices may not be proximity effect junctions at all. Recall that attempts to make
YBa, Cu,0,_s tunnel junctions resulted in devices dominated by pinholes which behaved
very similarly to grain boundary junctions. It is clear that we should consider the same
possibility for many reported SNS junctions.

Not all SNS edge junctions have linear or quasi-linear I, (T) dependence. Recently,
PrBa,Cu,0,_; interlayer devices with extremely shallow edges were produced [70] for
which I, e (T, — T)* over the entire temperature range. Other recent devices exhibit a
clearly exponential-like temperature dependence [64], [71], as shown in Fig. 13. Note the
difference between the data from these two devices of differing lengths, as well as the
striking difference between these data and that taken from the nominally similar devices,
depicted in Figs. 11 b and 11¢. A similar apparent exponential temperature dependence

has been reported for a-axis oriented sandwich junctions [72]. These results will be
discussed more fully in Section V.

SN’'S Edge Junctions

An ideal interlayer material should allow a low-resistance contact between the S
and N layers which preserves the integrity of both of their crystal structures. The entire
structure must be stable through film growth, processing, and cryogenic cycling. The
sensitivity of high-T. materials to such factors as processing, composition, and film
structure suggests using S and N materials that are closely-matched structurally.
Indeed, substituted versions of high-~ superconductors with reduced 7, have received
considerable recent attention as interlayers. Examples are (Y, Pr)Ba,Cu,0,_, [73], Co-
substituted- YBa,Cu,0,_; [74], and Ca-substituted- YBa,Cu,0, ;175). These junctions,
designated SN'S, are operated at temperatures above T, , the critical temperature of the
N’ interlayer. Conventional theory predicts that SN'S devices will exhibit an 7_that is
exponentially-dependent on temperature for 7, <7'<7,. Some of these SN’S devices
provide the most convincing demonstration of proximity effect behavior obtained to date

in high-7 junctions [20]. We defer detailed discussion of these devices, however, until
Section V.
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SNS Step-Edge Microbridges

Ordinary metals are incompatible with sandwich or ordinary edge junctions with high-~.
electrodes because reaction and interdiffusion during growth preclude stable interfaces.
However, an alternative to planar bridges has been developed which allows Au, Ag,
and other conventional metals to be used as N layers while providing for deep-
submicrometer device lengths using ordinary lithography. In this structure, an epitaxial
high-7. superconductor film is deposited at an angle over a step deliberately cut into the
substrate (or insulating epitaxial layer). If the deposited film is thin enough, it can be
discontinuous, forming two separate superconducting banks. The normal interlayer is
then deposited, bridging the banks. This second deposition is typically performed in situ
to preserve the cleanliness of the exposed film edges. The bridge is then subtractively
patterned. The resulting structure is illustrated schematically in Fig. 9d. It is expected
that transport into and out of the N-layer is dominated by the exposed a-b planes at the
edges of the superconducting films. With this technique, the bridge length L is roughly
the step height, typically 100 nm. Good proximity coupling between the banks then
requires £ >>10 nm at 77 K. Although several successful device demonstrations have
been made using this approach [52], [76]-[81 ], the issue remains whether or not the
junction behavior can be described by conventional proximity effect theory.

The temperature dependence of I, for several noble metal bridges is illustrated in Figs.
14-16, Strictly speaking, the data represented in these figures are actually V.= 1R but,
as R, is not very temperature-dependent in these samples, the difference between
V.(T)/V.(0) and I, (T)/1.(0) is not important for our purposes. !N Fig. 14, the interlayers
are Ag [78], an Ag/Aualloy [78], and Au [52], with L.~ 100 nm, determined by the step
height and S film thickness, The Ag/Au alloy device had a higher value of I .R, at low
temperatures than a comparable Ag device (1.0 versus 0.6 mV) but a significantly
lower apparent T.. I.(T) in these bridges is concave downward and more closely
resembles the clean point contact dependence of Eqn. (4) than the expected SNS
dependence of Egn. (5a). The differences in shape between these normalized /. (7’)
curves and those of most of the junctions discussed so far also deserve mention,
although the basic temperature dependence is still close to linear.

Robertazzi eta/. [52] argued that it is unlikely that the dominant conduction path in these
junctions is through the normal metal and, as in co-planar noble metal bridges, the
Josephson behavior is due to unintended superconducting filaments shorting the banks.
It was also argued that excess Au or Ag on top of the superconducting films provides a
parasitic shunt path, resulting in reduced values for R,,, and hence I.R,. Elimination of

this excess metal resulted in significant reduction of the parasitic shunt conductance.
Rosenthal et al. [80] exploited this idea to achieve I.R,=10 mV at 4.2 K, the highest
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value yet reported in a microfabricated junction. Fig, 15 shows three I, (T) curves for
two Au bridges. The data in Fig. 15a [79] closely resemble typical grain boundary data
of Fig. 4. The sample in Fig. 15b [80] had significant parasitic shunt conductance, and
I.R,~0.8 mV at low temperatures. When this excess metal was removed by ion milling,
I.R, was increased to 8 mV [80]. Note from Fig. 15c, however, that the temperature
dependence of I, changed as well, resembling the data of Fig. 14.

Unusually high I.R, products in Au step-edge devices were also reported by Dong et al.
[81 ]. Fig. 16a shows I (T) for a bridge with a low value of I.R =~ 0.4 mV at 4.2 K, the
low value resulting from parasitic shunting. Fig. 16b and 16C show similar data for two
bridges with I.R,=3 and 8 mV. Note that the latter data resemble data from grain
boundary junctions.

Fig. 17 shows data from a step-edge microbridge in which CaRuO, was used in place of
a noble metal [82]. Note the similarity of this data to that from noble metal devices,
despite the differences in materials and, consequently, &,. Furthermore, notice that this
CaRuO, step-edge data is similar to that of the CaRuO, edge junction in Figure 12a.

From Figs. 14-16, we see that the behavior of I.(T) in noble metal microbridges is
reminiscent of that of grain boundary and point contact junctions, with some of the best
(highest I.R,) junctions having 1./1.(0) similar to that of grain boundary devices. None
of these devices exhibit the SNS-like behavior of Eqns. (5), although we expect that
L>> & (T.) for many, if not all, of the junctions. In addition, the variations that do exist in
the shape of the normalized I. (7’) curves are not easily accounted for by intentional
differences in device structure such as different bridge lengths.

SNS Junction Summary

Summarizing the varied results obtained on high-7, SNS devices: (1) Many curves from
devices of presumably differing lengths are very similar to each other despite the
sensitivity of the shape of normalized 1.(T) curves to changes in L/ L, implied by Egns.
(5) (recall that L, is typically £,). (2) The I.(T) data for many high-7. SNS devices
closely resemble those of grain boundary junctions. (3) An exponential behavior of
1.(T) is not representative of most of the devices reported in the literature to date.

D. Quasi-Exponential Behavior
One of the most striking characteristics of SNS junctions with L>>&,(T.) is the
exponential dependence of I.(T) implied by Eqns.(5) - (7). The PrBa,Cu,0,_; edge

junction data of Fig. 13 provides a possible example of such a dependence, We will
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encounter more examples when we discuss SN’S junctions in detail in Section V.

However, there are a few other exceptions to the prevailing trend of quasi-linear
temperature dependence of I..

Fig. 18 shows /.(T) data for five high-~ junctions with various materials and structures
that are suggestive of exponential behavior. Figure 18a shows data representative of

several Ag bridges [79] that apparently suggest the expected exponential temperature
dependence characteristic of the proximity effect. These junctions have smaller I R,
values than those of Fig. 15 although the devices were fabricated in the same
laboratory. One might suppose that this could be accounted for by a larger L/& in
these Ag devices, but the physical structure of the junctions does not account for the
difference in behavior. The junction lengths are not significantly different, the Fermi
velocities of Ag and A« are very similar, and the mean free path in both cases should
be limited by the noble metal thickness. In fact, although the curve in Fig. 18a can
probably be fit by SNS theory [79], we shall see that the functional dependence of I (T)
for the junctions of Fig. 18 may not be exponential at all. Fig. 18b - 18e shows data for
a co-planar Au bridge [83], a YBa,CoCu,0, edge junction [84], a Bi,Sr,CaCu,04-
Bi,Sr,CuO, - Bi,Sr,CaCu,0; sandwich junction [85], and a Hg,Ba,Ca,Cu,0,, grain
boundary'junction [86], respectively. These data represent what we will term "quasi-
exponential” behavior of I (T).

What is interesting about these data is that the simple empirical power law dependence
(T.- T)*° describes the critical currents very well. We offer no immediate explanation
for this particular power law, emphasizing only that it is an impressive coincidence that
five different types of junctions, including a grain boundary device, with three different
electrode materials should behave so similarly. This coincidence, coupled with the
virtual absence of other highly nonlinear dependence, suggests that there is a common
explanation for the data of Fig. 18. Nevertheless, we argue that this common
explanation is unlikely to be based on conventional proximity effect theory, which would
manifest itself differently for the different geometries of these devices.

E. Summary

Many high-7. grain boundary, tunnel, and SNS junctions, using a variety of
superconducting, insulating, and normal materials, have been fabricated. In general,
the behavior of I.(T) is surprisingly similar across the various device types. It is
interesting that the behavior of both nominally tunnel and SNS junctions is similar to that
of grain boundary junctions. Also intriguing is that the 7 (7") data for most of these
devices can be described by point contact and tunneling theories if the superconducting
gap is reduced below its BCS value. Nevertheless, our primary goal here will be not to
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argue for any particular mechanism describing much of the SNS junction data in the
literature, but rather argue against the application of conventional proximity effect theory
to describe most of the data. That 1.(T) data from certain high-T. SN’S devices is well-
described by classical theory [20] strengthens the case against conventional behavior
for the other SNS junctions. We will therefore examine the data from this section more
closely after reviewing conventional proximity effect theory.

lIl. THEORY OF SNS JOSEPHSON JUNCTIONS

In this section we describe conventional proximity effect theory, which successfully
explains the behavior of low-7, SNS junctions. We will cover each of the important
physical mechanisms that can influence SNS behavior while striving to focus on general
results that should transcend any particular theoretical approach.

Traditional theoretical investigations of Josephson weak links are based on the BCS
theory of superconductivity [19]. It is far from clear, however, that junctions having high-
T, superconducting electrodes should obey the resulting predictions in detail. For
example, while it is generally assumed that the superconducting energy gap A in a
high-7, material has the BCS temperature dependence, there is no clear indication that
this is, in fact, true. Conversely, unconventional behavior in Josephson and tunnel
junctions has been suggested as a means to investigate unresolved issues, such as the
symmetry of the order parameter, in high-7, materials [14]. In any case, we will need to
use caution in applying conventional proximity effect theory to high-7. devices.

Many low-T, devices, particular those with semiconductor interlayers, have intrinsically
2-dimensional (2d) geometries, which can affect the details of electron transport [87]. In
contrast, high- 7. materials have anisotropic transport properties and films in which the
favored current direction lies in the plane of the substrate are common. As a result, we
will focus on 1 d device geometries here.

A. de Gennes Dirty Limit Theory

Long SNS Junctions

In 1964, de Gennes [88] produced one of the first systematic theoretical investigations
of the proximity effect. This early work still provides an intuitive basis for understanding
the proximity effect and the behavior of SNS junctions. As with subsequent treatments
of the proximity effect, the starting point for the theory of de Gennes was the self-
consistent expression for the spatially-varying pair potential obtained by Gorkov from
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the microscopic BCS theory [89]. The junction critical currents are then calculated using
the phenomenological Ginzburg-Landau theory, which generally applies at temperatures
down to =0.37.. We will find the de Gennes theory to be consistent with the appropriate

limiting cases of more general theoretical approaches, differing only by factors of order
unity.

de Gennes established that, on the N side of an SN contact, the superconducting order
parameter (or wavefunction) decays exponentially over a material- and temperature-
dependent distance, the normal coherence length £,. This length ranges from unit cell
dimensions in dirty metals at relatively high temperatures to micrometers or larger in
clean metals at low temperatures. Most of de Gennes’s results were obtained under the
single-frequency approximation, using only the lowest Matsubara frequency in the
Fourier expansion of the Fermi-Dirac distribution. This assumption greatly simplifies the
analysis and leads to simple analytical expressions, the price paid being that the results
are applicable only for long junctions (L>>¢& , where L is the spatial separation of the
superconducting electrodes). Because &, is small in the materials used in many high-T.
devices, the long junction approximation is not a serious limitation, particularly at
temperatures of order 77 K. In addition, de Gennes focused exclusively on the dirty limit
in both the S and N layers, {<<¢&, where ¢ and & are the mean free path and
coherence length. For T, =0, the dirty limit coherence length in N is given by Eqn. (7).

de Gennes’s theory is actually more general, and its extension to finite 7T, will be
discussed later.

An SNS junction can be viewed as two back-to-back SN contacts with the coupling
strength, as manifested through I, determined by the degree of overlap of the
wavefunctions of the superconducting electrodes. Evaluating the behavior of the order
parameter near the SN interface, de Gennes [88] found that I, = /. sin¢ with

2 2
PN TV 2\

= Ll 8
4eR, kT, sinh(L/&,,) 2eR, kT, &, o

where L is the bridge length and Ais the superconducting gap at the normal interlayer
interface, As previously mentioned, this result is strictly valid only near T,, the critical
temperature of the bulk superconducting banks. Device critical currents have been
calculated or measured for dirty SNS junctions with low-7, electrodes in various
circumstances, and universally display an exponential behavior, I e<exp(-L/¢,,) in long
junctions over a broad range of temperatures below 7.. The explicit exponential
dependence on junction length and implicit exponential-like dependence on temperature
(recall that &, o 7"'?) are the most distinctive signatures of I_in an SNS device.
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We note several other key points relevant to Eqn. (8). First, as a result of the single-
frequency approximation, Eqn. (8) is valid only for L>>§,,. There is no difference
between u/sinhu and 2ue ™ over the range of validity. Second, we have assumed that
the entire resistance of the junction is due to the normal interlayer N; R), = p, L/,
where p, is the resistivity and A4 is the cross-sectional area of N. Therefore, the
dependence of /. on L is purely exponential. Third, the temperature dependence of I,
is dominated by that of the normal coherence length &, appearing in the exponential
factor, except extremely close to T,, where the prefactor dominates. Fourth, nearly all
practical Josephson devices have thick superconducting electrodes. As a result there is
no significant depression of 7. in the bulk superconducting electrodes due to the
proximity effect [90], [91 ]. The device T, is therefore identical to that of the electrodes in
the absence of any N interlayer. Fifth, it is customary in conventional superconducting
theory to ignore the temperature dependence of quantities such as R . This is usually
justified for temperatures of interest for low-T, devices, typically below 10 K. It is not
necessarily justified for high-T superconductors over their larger and higher operating
temperature range. This consideration is especially important if D,, the diffusion
constant in N, is temperature-dependent, since it determines & ,, which appears in the
exponent in Eqn. (8). Finally, we note that R appears in Eqn. (8) only because it was
conveniently substituted for p, L/ A. Thus, Eqn. (8) is actually a prediction for the critical
current density J. of the form Eqn. (5 b), with J_, = #A’ IekT.p,£,,) and Ly=E&,,. As
previously stated, the only length dependence of J_ is in the exponential factor.

Intrinsic Gap Depression in Electrodes.

The penetration of superconductivity into a normal material near an SN interface is one
manifestation of the proximity effect. Accompanying the finite value of the order
parameter in N is its reduction in S; A,<A.., where A is the value of the pair potential
at the SN interface and A.. is its vaiue deep in the bulk of the superconductor. From
Eqgn. (8), we see that I.R, increases monotonically with A,. Therefore, rigid boundary
conditions, defined as A=A, will result in the largest I.R, values for SNS junctions in
the absence of extrinsic interface resistance (discussed below), Simply put, A will be
negligibly depressed and A will be constant throughout s in the best SNS devices.

The effect of intrinsic A depression on I. has been addressed by several authors
[88], [92]. The magnitude and, near 7., the temperature dependence of I. depend
crucially on A.. de Gennes [88] used the Ginzburg-Landau equation [93] to describe the
spatial variation of the order parameter in S near the interface. Letting x be the
distance into S away from the SN interface, we define
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so that the Ginzburg-Landau equation for the order parameter becomes:

EVi§+5-|5/6=0 (10)

where &, is the temperature-dependent Ginzburg-l.andau coherence length jn S.Note
that it is not strictly necessary to introduce the dirty limit for the superconducting banks
at this point. However, de Gennes formulated the interracial boundary conditions for the
dirty limit only, and so we focus on this limit now. Near T,
E=£,=085Cg pyi2q . 7y where &, =hv, /nA(0) is the clean zero-temperature
coherence Iengtho, £, is the mean free path, and v, is the Fermi velocity, all in S [94].

Multiplying by Vé and integrating yields:

5 - 2{(%—]2 + 1}52 +1=0, (11)

where
_ve[' VAW 12
=151 TAw | .

The order parameter at the interface, x=0, is given by 6, = d(x = O), which depends
intimately upon the boundary conditions at the SN interface. We can find &, by treating
Egn. (11) as an algebraic equation, with b(x= O) =b,, known as the extrapolation length.
Note that b, can be viewed geometrically as the distance in which the pair potential
would go to zero in N if the rate of decay into the normal region continued linearly from
that on the superconducting side of the interface, The value of &, is then:

. é‘dz_ éﬂla“ il—zuz
SOROECIE

For the dirty limit, de Gennes [88] obtained b,= (p, /p, )¢.,- A natural interface
parameter in proximity effect theory [92], [95],[96] is:
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where % is the single spin density of states at the Fermi level. The term & /b, in Eqgn.
(13) can be expressed as:

é.vd p ¥ gsd ( I T] ) ( 15)

_Bi— pnénd —2 ky;_.T

We note that this ratio, multiplied by (~/T)"*, is the interface parameter I" in [95] (in
[92], T =y(1-T/T,)"").

The value of A given by Egn. (13) is illustrated in Fig. 19. For an “ideal” SN contact
with little mismatch in transport properties, vy = 1. However, this “ideal” contact is
undesirable because A,, and hence I_, is reduced.

In fact, I, is optimized in the rigid boundary condition limit A= A_ or §, =1. This
optimization is achieved, according to Egn. (13), when b>>¢&,, consistent with the
absence of a gradient of the pair potential in the banks. Physically, rigid boundary
conditions occur under some conditions of extreme mismatch in transport properties
between the S and N materials, so that y <<1. In an SNS junction, I, is determined by
the value of the order parameter in N . It is thus possible to have A,=A_ in S and still
have a device with a small critical current. For example, rigid boundary conditions often
apply to interfaces with insulators but /, is dramatically lower in most SINIS junctions
compared to typical SNS ones, becoming negligibly small if the insulator is more than a
monolayer or so thick. As a result, we find that rigid boundary conditions are a
necessary, but not sufficient, condition for maximizing I, and I_R,.

de Gennes [88] was most interested in the opposite extreme limit of soft boundary
conditions: hi<< &, or y>>1. From Eqgn. (13) we find

2 2
2 A, 1{ b, 2 1T-T
2= i = i — - e C . 16
6' (A ) 2(5-“1j 7[2 yz T (b( << é.\‘d) ( )

in this limit. The order parameter at the interface, A, is significantly depressed,
resulting in a reduction of I.. Clearly the boundary parameter y contributes significantly
to the reduction of critical current; I.e1/y*. In addition, we note that Ahas an
additional temperature dependence beyond that of A., which contributes to a further
reduction of /.. It should be emphasized, however, that Eqn. (16) represents only one
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extreme limit of the more general de Gennes theory.

The sensitivity of /. to the behavior of A is compounded when the electrodes are made
from high- T, materials. One of the hallmark characteristics of a high-7. superconductor
is a remarkably short coherence length &, [97], which can be on the order of the unit cell
size. It has been suggested that this creates another mechanism by which the pair
potential can be suppressed at an interface [98]. We start by considering an SI

interface. At such an interface, de Gennes [88], [99] showed that the extrapolation
length is given by:

1 2°°A(x) N (x)
—_—= ]——= dx 17
h=e % [ N ] ()

where &, is the clean, zero-temperature coherence length in the superconductor. The
density of states &, (x) differs from its bulk value &, only within about a lattice constant,
a,, of an interface. Consequently, the integrand is nonzero only in this small spatial
region, where it changes from O to 1, so that b, =& /a,In typical superconductors,
¢,>>a,, so b, >>¢&. This means that b>>& except within an extremely small
temperature range near 7,. However, if £ =~a,, then b;=¢ , and the temperature range
over which b<<¢, can be substantial, From Eqn. (16), we know that b,<<& implies an
additional temperature dependence, beyond that of A_,for 7. near 7.. Thus, a junction
with high-T, superconducting electrodes can have a depressed A, at the interfaces
regardless of the quality of device fabrication. In principle, this gap reduction at an

interface can be minimized, or even eliminated, by a proper choice of junction materials
[100].

Device Critical Currents Near T..

Studies of I (T) near T, are common because temperature is a readily-accessible
experimental variable. There is, however, a tendency to overuse such information in
attempting to determine the nature of high-7. devices. For example, it is occasionally
claimed that a particular device must be SNS because I «(7.— T)* near T., even
though this behavior is only one limit of SNS theory and can occur in other (non- SNS)

structures. As we shall see, fitting 7_(T) near 7, tends to be an unconvincing means of
elucidating the nature of a junction.

For long (L>>¢,) SNS junctions, I, (T) isdominated by the temperature-dependent
factor L/, in the exponent in Egn. (8). Any long device obeying conventional
proximity effect theory must have a clear exponential-like /, (T) dependence over most
of the temperature range below 7,. Very close to 7., however, the prefactor in Eqn. (8)
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dominates, and I, e Al. Recall from BCS theory that A, « (7, - T)"? near T. [24]. Then,
for rigid boundary conditions (b>>&,), A=A, and I.«<(T. — T). In contrast, for soft
boundary conditions (b<<¢,), Ais given by Egn. (16), and I, «< (7 - T)".

Mathematically, there is always a region near 7. in which Eqn. (16) is a good
approximate solution to Eqn. (13), due to the divergence of &, /b atT.. Thus, in
principle, I.(T) always exhibits soft boundary behavior near 7.. Experimentally,
however, one cannot approach arbitrarily close to 7.. “Near T." is, in practical terms,
the region within a few percent of T, or a few Kelvins for 7, =90 K. One cannot expect
accurate measurements closer than a few tenths of a percent or so of 7.. From Eqgn.
(13), we find numerically that for 0.001<1- T/ <<0.01, the critical current is proportional
to (T.— T)’, with 1 <a<2 (corresponding to O<y <o), as shown in Fig. 20, Thus,

proximity effect behavior is compatible with a variety of possible power laws very close
to 7.

Not only does proximity effect theory fail to predict a unique power law dependence of
I. (T) near T, but other mechanisms exist which are compatible with the same power
laws. For example, a linear dependence, I o< (7. — T), is obtained for tunnel junctions
[23], point contacts [25],[26] and SNS junctions with rigid boundary conditions [6],[96]. A
quadratic dependence I, (T.—T)* can be obtained when the order parameter in S is
suppressed at an SN interface due to the proximity effect (soft boundary conditions) [88]
or at an SI interface due to a small & [98]. Other dependence are possible as well,
not all associated with electron transport. In the case of flux flow, 1. (T) e (T,—T)", with

o =1 .5, 2, or 2.5 [101]. Thus, the behavior of I_(T) near T is, by itself, of little value in
determining the nature of a junction.

In this context, several experimental difficulties in near-~ studies of 7, (T) should be
mentioned, To begin, it is very difficult to measure I accurately as T—7, because
thermal fluctuations dominate in this temperature regime. Furthermore, the numerical
value of 7. must be precisely determined, otherwise it is possible to fit different (T,— T)*
dependence with the Same data [102]. Finally, of course, the device properties must
be uniform enough throughout the junction that a single 7, is meaningful.

In summary, we reiterate that all long proximity effect devices should exhibit an
exponential-like dependence of critical current over a broad temperature range below
7.. Though detailed studies of I (T) within a few percent of 7. provide information
about the boundary conditions within SNS theory, it is not possible to draw definite
conclusions about the nature of any junction from such data alone.
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B. Microscopic Theories

The results of de Gennes apply to arbitrary metallic contacts involving long (L>> & ),
dirty SNS junctions attemperatures nottoo far below 7.. Fortunately, these limitations
are not overly restrictive for us since the typical ¥ material in a high-~. SNS device has
a short normal coherence length at the operating temperatures of greatest interest.
While long junctions provide the clearest signature of proximity effect behavior, short
devices are important for practical applications. It is therefore useful to examine
junction behavior outside the limits of de Gennes' theory,

More general theoretical approaches are required to deal with arbitrary bridge length
and temperature. These approaches are usually based on a more tractable form of
Gor'kov's results, the Usadel equations [1 03]. The Usadel equations describe dirty
superconductors, but are not restricted to temperatures near 7,, as are the more familiar
Ginzburg-Landau relations used by de Gennes. Using this approach, the theory of SNS
junctions was extended to encompass arbitrary bridge length (by abandoning the single-
frequency approximation) and the entire temperature range below 7,. Likharev’s
pioneering work [6],[1 04] covered the limit of rigid boundary conditions and is a special
case of the more general subsequent work of Kupriyanov and co-workers, who dealt
with the proximity effect in the superconductor [92], the effects of interracial barriers [96],
finite electron-electron interactions in the N interlayer [1 05], and depairing effects due to

large currents in the S electrodes [106]. The latter can be important in short junctions if
the condition ¥ << L/&,,(7;) is not met.

The results of Likharev [104] for rigid boundary conditions are illustrated in Fig. 21,
which shows the temperature dependence of IR, for various junction lengths. Also
shown are curves obtained from de Gennes’s theory, Egn. (8), which follow Likharev's
predictions quite closely for temperatures above roughly 0.37, for L>2& ,(7.). Fig. 22
compares the shape of the temperature dependence of I, to the linear dependence of
Eqn. (). Clearly, only values of L close to 4¢ ,(7.) are quasi-linear.

Although the general results obtained via the Usadel equations are not simple analytic
expressions, the important limiting cases are tractable. For example, for long, dirty
junctions under rigid boundary conditions not too far below 7T, Likharev [6],[1 04] and
Kupriyanov and Lukichev [92] found that

2 |A°°|2 Llélltl o~ 4 ‘Aw‘z __I:_e—Llé,,d

I (TL)= - =
AT = R, kT, Sah(L/E,) R, KT, &

(037, <T<T) (18)

nd

Not surprisingly, this expression differs from Eqn. (8), the prediction of de Gennes, by
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only a constant of order unity.

In investigating high-< SNS junctions, it is common practice to use Eqgn. (8) or Eqgn. (18)
to infer a value of £, at 4.2 K. Typically, the dependence I,(L) for junctions obeying
L>>¢,(T) is fit to the dependence exp[—L/&,,(T)]. However, 4.2 K is less than 50/0 of
7. =90 K, and these equations are not valid at such low reduced temperatures,

In order to examine the critical current at very low temperatures, we therefore look at the
microscopic theories in the limit T/T.<< 1. Within Likharev’'s theory, for long junctions
with L>>¢& ,(T.), conventional SNS theory does not predict an exponential dependence
for IR on L for T +0. Instead, the theoretical prediction [6],[1 04] can be approximated
by:

2
I.(T;L)=29 A”}éo) (5"45 )’) (T< 0.05q:L 26& (). (19)
e n

Since A_(0)e<kT, and &3(T.)<1/T., we find from Eqgn. (19) that at low temperatures

J.= 8.151D, l(ep,L’ ) independent of the magnitude of the gap or other properties of the
electrodes.

In many experiments, the behavior of I, not that of I.R , is examined. As in the case of
Eqgn. (8), R, appears in Likharev's results for I, only as a result of the substitution
p, L/ A= R, . Thus, I.R = p,LJ, and Egns. (18) and (19) are really predictions for J..
For L>>¢& ,(T) and T>0.3T,,Eqn. (18) is equivalent to Eqn. (5 b), with the only length
dependence of J, in the factor exp(- L/ ;). We have found empirically that the purely
exponential dependence of Eqn.(5b) is a good approximation to theory for all
temperatures, provided that 5<L/& ,(T.)<1 2. (This approximation does not work for
larger L at lower temperatures due to the slower power law decrease in J, discussed
above.) The temperature dependence of the parameters L, and J_, are shown in Figs.
23 and 24, respectively, along with the predictions of E gn. (8). Figure 23 allows us to
infer a value for €,,(7.) from the value of L, obtained from low-temperature exponential
fits of J.(L). In fact, we see from Fig. 23 that fitting J.(L) to the exponential
dependence of Egn.(5b) at low temperatures yields not &, (T), but rather
L,=3.18¢ ,(T.). ForT=4.2K and T, =90 K, the commonly-made assumption that

&.u(T.)=(T/<) L,’=0.216 L, actually underestimates ¢, (7. )= L,/3.18 by 31 oso. Finally,
we note that empirically J.,—0.70 A_(0)/(ep,&,,(T.)) as 7" —0.

One might expect that an SNS junction would be equivalent to a pure superconducting
point contact in the limit L +0. In fact, dirty SNS theory does indeed converge with dirty
point contact theory [25] in this limit. For example, Eqgn.(4) for dirty point contacts
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represents the L =0 limit of SNS theory, so that the L =0 curves in Figs. 21 and 22 are
identical to curve b in Fig. 1.

Clearly, SNS theories do not, in general, predict a quasi-linear/(T). We noted in °
conjunction with Fig. 2 that varying the value of A(0)/kT. dramatically alters the shape of
normalized I, (T) curves for tunnel junctions and point contacts. The same reasoning
applies to short SNS junctions as well. However, we are interested primarily in the limits
applicable to Eqgn. (8), namely T>0.37, and L>>¢&, (T). Under these conditions, the ratio

A(0)/kT, is only a numerical prefactor that does not alter the shape of normalized 1,(T)
curves.

As we have already mentioned, all of de Gennes’s results, covering the limit L>> & , for
temperatures not too far below T, are special cases of the more general calculations of
Kupriyanov and co-workers. For rigid boundary conditions, the de Gennes result, Eqn.
(8) with A = A., differs from the more generalone, Ean.(18),only by factor of
n? /8 = 1,23. For the limit of soft boundary conditions, the de Gennes result, obtained by

using Eqn. (16) in Eqn. (8), differs from that of Kupriyanov and Lukichev [92] in the
same limit only by a factor of 0.62.

C. The Effect of Interface Resistance

Extrinsic Gap Depression in the Electrodes

Our earlier conclusion that rigid boundary conditions are desirable was reached
assuming the SN interface to be a good contact. Impurities, defects, chemical
reactions, layer interdiffusion, and other extrinsic effects can affect the value of the order
parameter near an interface. These causes can weaken the superconducting
phenomenon at the interface thereby depressing A, and softening the boundary
conditions, Given the complex chemical and structural nature of high-7, materials,
extrinsic effects and their influence on I, may be both common and observable.

Let us consider the theoretical consequences of A depression caused by extrinsic
effects. The de Gennes approach to calculating /., based on the Ginzburg-Landau
equations, is easily generalized to allow for arbitrary boundary conditions. We define:

w"lx=0

Al ¢

(20)

where v, the Ginzburzg-Landau order parameter, is proportional to the pair potential:
Y= [mnx /(4e2hle_px)]” A [89], where m_ is the electron mass in S. Since &, in Eqn. (9)
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can be expressed as:

| _
5= Wileo 21
= - el

we find from Eqn. (8) that for long dirty junctions [16],[1 07]:

2
A L/
IC(T;L)—‘: T I °°| 6,-2A2 pnm.r ' gnd
4eR, kT, p,m_sinh(L/E )

n

(L>>E). (22)

In the case of specular scattering at the SN interfaces, A*>=pm,/p,m,, giving precisely
Egn. (8) [107]. In other situations, Ais determined by the properties of the interface,
including those due to extrinsic effects. In principle, the value of A can be determined

by independent experiments. As always, the special case of rigid boundary conditions is
defined by 6,=1.

Interface Resistance

Generally, |T|2, the quantum-mechanical transparency of a single SN interface, is close
to unity because the contact is between two metals. However, extrinsic effects can
create significant interracial scattering or an insulating barrier, I, between the § and N
regions, reducing |7 and virtually assuring rigid boundary conditions, A(X)= A.,in S.
At the same time, the value of the order parameter in N is dramatically reduced. The
net effect is a reduction of I. and, ultimately, I.R,. This is an example in which
achieving A,=A_ at the SN interface fails to guarantee high junction performance. In
fact, the presence of interface resistance in an SNS device is generally detrimental.

As discussed by Robertazziet al. [52], a Josephson supercurrent reflects a coherent
process. In an S1S tunnel junction, I_ o< |T{* [108]. In a nominally SNS junction, there are
two barriers, or tunnel junctions, in the actual SINIS structure. Therefore Icoc(|T|2)2.
(Of course, for long devices there is an additional exp(~L/§nd)depression of I, due to
the loss of coherence in N.) The normal resistance in the SIS case is proportional to
1/|1f* [109],[1 10] while, in the SINIS case, R, = (p,L+ 2r.)/ A, where r. is the specific
contact resistance, with r.o 1 /|T'. Therefore, IR is independent of |7}’ in the SIS
case, but is approximately proportional to IT|2 in short contact-dominated SNS junctions
in which R, is determined primarily by r.. In longer devices, I_R,is much smaller than
this short link limit because of the exponential decrease of I, with increasing L, which
more than compensates for the linear increase in R due to p, L.

Delin/Kleinsasser July 18, 1995 Page 30




This argument can be phrased more quantitatively [107]. Using the approach outlined
above, 8, = 1 and A«<|T}’. Since |T|"<<1 for even a monolayer of typical insulator, A<<1
and, as shown by Eqn. (22), I .R, is drastically reduced from its optimum value if an
insulator is present at the SN interface. In addition, an extra prefactor (1+ 2r./p,L)

must be included in Eqn. (22) to account for contact resistance. Note that I R, is
proportional to  exp(—L/&,) in long junctions, whether SNS or SINIS.

This discussion, based on a Ginzburg-Landau approach, is consistent with the general

treatment of SINIS junctions in the dirty limit by Kupriyanov and Lukichev [96]. Defining
an interface parameter

:L,i (23)
Vo D ELT:

they considered long, dirty junctions, with ¥ <<1 (assuring rigid boundary conditions for
any v,):

2 2
[ 4mKTC 2 Y 4 AL L L . ”
IC(T,L)—( A MHPHL}(W’R,, KT e C ] (L>> 6, (1) (24)

where R = (P L+ 2r, )/ A. The coefficient C is determined from

Ao it a(l
kT

B 4 gc+B2m0 25
—8)C - 6—= (d+eC+—2=0, (25)
with g = yb(T/TC)"z[l+(Aw/rckT)2]”2. Eqn. (24) resembles the de Gennes and Likharev

results discussed earlier, except that R, now includes a contact resistance and there is

an additional factor of (47kTC/ A.)*. Note that C is maximized for T —0, and therefore
0<C<~2-1.

Let us examine the implications of Eqn. (25). Because proximity effect theory applies to
metals we expect that p, <10 Q — um. Noting that £ , decreases as p, increases, we

find in all cases that p, &.4(T.)<0.01Q — um’ for T, near 90 K . Since W€ anticipate that
even in the best metallic contacts, r.>0.01Q — um’, we see from Eqn. (23) that y,>1.
As a result, in a typical SIN contact 7,>>1. In this low transparency limit, g>> 1 so that

amrcY 1 _ 1T (k1) 1 (26)
A T8 v T(T)Y+A

3

Delin/Kleinsasser July 18, 1995 Page 31




The prefactor (4mkTC/A_) contains the effect of interface scattering on J,. The final
result is a valid approximation over a broad temperature range since the temperature-
dependent factor multiplying 1/7; only increases from 0.93 to 1 for 0.5< T/ T.<1. Figure

25 shows the accuracy of our approximation under the more restricted temperature
range T—1T,.

In Egn. (24), the last factor in parentheses is identical to Eqn. 18, Likharev’s rigid
boundary condition result for long junctions, except that R, now includes the contact
resistance which is also reflected in the middle factor in parentheses. As before, Egn.
(24) can be interpreted as an expression for J, in the form of Egn. (5 b), with J_, given
by Likharev's result multiplied by (47kTC/A_)*, or 1/y; near T. for 7,>>1. In this limit,
Joo =48 p,&,y(T, ) [(mekT 1),

The most important conclusion to be drawn from our discussion of SNS junctions with
imperfect interface transparency is that, for a given value of L/¢ (T.),the shapes of
normalized I.(T; L) curves are the essentially the same for both SNS and SINIS
devices. Because boundary resistance is typically not very temperature-dependent, the
exponential factor exp(—L/é,u,), dominates the temperature dependence of I, as long as
L>> & . Therefore, spatially-homogeneous interracial properties cannot explain non-
exponential I, (T) dependence in long junctions.

In contrast, we emphasize that the absolute magnitudes of /.R, anti J, are dramatically
smaller in the SINIS case for y,>>1than in the SNS case. For SINIS devices I, =< 1/y;
and R, ecr oy,, and so it follows that I.R «<1/y,. This result is consistent with our

earlier one in terms of |7}, since the factor of 1 /¥2in Eqn. (24) implied by Eqn. (26) can
be identified with the factor A" p,m /p.m, in Eqn. (22).

Although we have argued that y,>>1is likely to hold in SINIS junctions, it is interesting
to consider the case of smally,. In the limit T—7 ,A_—0 and the relevant solution to
Eqn. (25) is C=A_ /[4nkT(1+ g)] so that 4mkTC/A_= 1- ¥»» @s shown in Fig. 25. Thus,
Ie<(1-7,)andIR = (1-7,) [14+27,£,.,(T)/L]= (1 -- 7,)". Clearly, even an arbitrarily
small value of y, (arbitrarily high barrier transparency) will slightly reduce I. and I R,
from the optimum rigid boundary condition values obtained by de Gennes and Likharev.
Of course, it is possible for the reduced I.R, value in an SINIS device to exceed that
which results from soft boundary conditions in an SNS device, since in the latter case
IR o<1/y* for y>>1.

Spatially-Inhomogeneous Interfaces

The idealized contacts discussed in the preceding section were assumed to be spatially
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homogeneous with the contact resistance r. reflecting a constant value of barrier
transparency, mz. This is an inadequate model for many fabricated devices, in which
IT}? can fluctuate widely over the contact areas, its local value having little to do with the
value of microscopically observable quantities such as r,.. This has been clearly
demonstrated with low-7. tunnel junctions [1 11],[1 12] and superconductor-

semiconductor contacts [17],[1 13].

The simplest inhomogeneous SINIS contacts can be understood using a lumped
element model. Consider an SINIS device in which the transparency of the SN
interfaces is inhomogeneous. We can picture the SN contacts as consisting of two
parallel channels, one for the regions of high barrier transparency (a small resistor) and
one for those of low transparency (a large resistor). Because most of the applied
current will flow through the small resistor, this high-transparency channel dominates
the total conductance of the system.

In a superconducting device, the small-resistance branch dominates the critical current
as well as normal conductance. In other words, the inhomogeneity simply reduces the
effective area of the SN contacts. As a result, within our two-channel model, interface
inhomogeneity results in higher device resistance, in conjunction with lower critical
current, compared to a homogeneous high-transparency device. Of course, I.R,is
essentially the same in the two cases. In an SNS device having homogeneous
interfaces with &, = 1 and lle'z“ 1, the IR, product is optimal. Because . is low, such a
device will typically have an impractically small R,. A spatially-inhomogeneous, low-
transparency layer I at one or both SN interfaces partially blocks current flow, reducing
I, and increasing R,, keeping I.R, constant. Although such a higher-resistance device
may be more practical, it is not clear that such an SNS device is more desirable than a
point contact array with no N interlayer present at all.

Our discussion has based on the simplest possible two-channel model. The more-
transparent channel dominated transport of both normal current and supercurrent and
the less-transparent channel was effectively opaque. We can generalize the model by
allowing the less-transparent channel to contribute to the total device current by
increasing its transparency and possibly its fraction of the total contact area. We saw in
the previous section that in the SINIS picture, less-transparent regions contribute more
to the normal conductance, which varies as ITlZ, than to the critical current, which varies
as (ITIZ)Z. Thus, the less-transparent regions can contribute significantly to the total
device conductance without contributing significantly to I.. This explains why an
inhomogeneous SINIS junction with maximum local transparency 7,.,°can have an

IR, product that is smaller than a homogeneous one whose interface transparency is
|, ? over the entire device area.

max
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Although this two-channel model can be made more realistic by allowing a spread of |T|2
values, it is still oversimplified. Diffusive transport in the N interlayer in a SINIS device
means that high-transparency regions of one SN contact interact with both high-and
low-transparency regions of the other contact. Nevertheless, the preceding discussion
does demonstrate that, in realistic cases of devices having inhomogeneous SN
interfaces, I,R, can be no larger than the optimal limiting value predicted for an SNS or
SINIS device with homogeneous contacts having 8,=1and |T]'= 1. Introducing contact
inhomogeneity does not improve I_.R, and in many cases reduces it.

Finally, we emphasize that, under conventional proximity effect theory, the presence of
a thick N interlayer (L>>&,) must result in the familiar exponential dependence
Icocexp(—-L/ ¢, ) regardless of the nature of the SN interfaces (whether homogeneous or
inhomogeneous). This is inconsistent with the quasi-linear I (T) dependence most
often observed in high-T, devices. Previous discussions of the role of the SN interfaces
[1 14] failed to recognize that the normal layer does not contribute significantly to the
supercurrent in typical high- 7, SNS and SINIS junctions. In other words, most devices
under consideration are SNS in name only.

Limits on lc

We have seen that, in both SNS and SINIS proximity effect-coupled junctions, it is the
minimum value of the superconducting order parameter (or wavefuncton) that
determines, and limits, I.. Contributing factors to the value of I, are: (1) the value of A
in the bulk of the S electrodes (assuming thick S layers with A =A_), (2) the reduction,
created by the proximity effect, of the order parameter in S asthe SN boundary is
approached, (3) the reduction of the order parameter in crossing the SN boundary, and

finally, (4) the reduction of the order parameter as it decays exponentially in N as
exp(-L/&,).

Soft boundary conditions are responsible for factor (2). Rigid boundary conditions,
perhaps due to an extreme mismatch in transport properties between S and N, allow
for factor (2) to be overcome. The presence of an SN interracial barrier allows factor (3)

to significantly reduce the critical current as 1.« 1 /v, (recall that 7,>>1 for any realistic
interracial tunnel barrier).

The effect of the various boundary conditions is summarized in Table 1. Expressions
for J,, the prefactor in Eqn. (5 b), are included in order to show the effects of the
boundary parameters y and 7y, on J.. The de Gennes expressions are listed for the
two pure SNS cases. For consistency, the SINIS result differs from that obtained from
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Eqn. (24) by the factor 7°/8 discussed earlier.
D. Greater Model Sophistication

So far, our discussion of SNS theory has been limited to the special case of devices
whose N interlayer is in the dirty limit with 7, =:0. Neither of these conditions is required
for the proximity effect, and the study of high-~. devices motivates a relaxation of these
restrictions. At elevated temperatures ( T=77 K)&,, becomes very short and the clean
limit (£,>>¢&,_) is more likely to be encountered in the interlayer. In addition, although N
interlayers that undergo a superconducting transition are rarely encountered in low-T,
devices, there has been a focus on high-7. devices based on such materials. This
interest results from the fact that doping cuprate superconductors can reduce T,
allowing for N interlayers which are structurally well-matched to the § electrodes.
Thus, we need to go beyond the more common dirty limit, 7., =0 models.

Fortunately, the original de Gennes result, Eqgn. (8), is valid regardless of the value of
T,., provided the proper expression for &, is used. In contrast, Eqn. (8) is not expected
to apply in the clean limit since it was derived using dirty limit boundary conditions.
Nevertheless, calculations of I, for long junctions with an arbitrary mean free path in N
[1 15], including microscopic calculations carried out in the clean limit [116], give results
similar to Eqn. (8). In particular, I, «exp(~L/&,) as before, assuming that an
appropriate expression is used for the normal coherence length. Consequently, we will
obtain general expressions for £, and use Eqn. (8) to describe /. in the long junction
limit (L>> £, ), with the caveat that the results should be viewed more skeptically as the

dirty limit approximation is relaxed. This approach should hold in the cases of greatest
present interest.

Coherence Lengths

Cuprate superconductors are highly anisotropic. In some cases, SNS junctions are
fabricated using doped cuprates as N interlayers. We thus must allow for a possible
quasi-2d interlayer when modeling the devices. Although we will examine expressions
for the normal coherence length in both 3d and 2d materials, we will find that there is
little difference between the two cases. In fact, the expressions for £, with nonzero 7,
in 2d are mathematically simpler than their 3d counterparts.

Very general expressions for &, valid for arbitrary 7, and ¢,, have been obtained. For

cn n?

3d metals in the single-frequency approximation, &, is given by [1 17]:
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1. T ¢
—In— = -1 3d, general case 27a
5 In T 2 ~ . (3d, g ) (27a)
éll Eﬂ
where
1 ¢
- ncn 7
K= tanhe (‘én gw) &)

(Recall that the single-frequency approximation is valid in the long junction limit only.)
The analogous result for 2d materials [1 18] in the single-frequency approximation is:

2 12

4 —

)
6 =Sl ) 2 (24, general case). 28)

2+n(In(T/ T ) E

1cn

For T, =0 and arbitrary mean free path we obtain from E:gns. (27):
£ tanh| L2 | = ucte_ (3,7, =0) (29)
" £) &+t o

(this result can also be derived directly for 7., =0 [1 16]), The analogous result for 2d
materials is:

Il :]1 -1/2
. 24, T, =0). 30
es(g+d) w0 o

Because the 3d result, Eqn. (29), only gives &, implicitly, it is easier to use the 2d result,
Eqn. (30), as an approximation [1 19] since it agrees with Egn. (29) to better than 6°/0 for
all values of ¢,. Fig. 26 illustrates the dependence of & on ¢, for the 3d 7,, =0 case,
comparing the exact and approximate expressions.

" For finite T, in the dirty limit (£,<<¢&, )Eqns. (27) and (28) both give the result originally
derived by de Gennes [88]:

2 112
g, = 5,.4(1 l_(T_/?—))
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The approximation in Egn. (31) is valid for (T -T,)/T,<< 1. Allowing T. to approach O
in the approximate expression violates this condition and results in a value for &, that
exceeds the correct dirty limit formula by a factor of 2.

For finite T, in the clean limit, Eqns. (27) yield the implicit relationship for 3d materials:

1. T €.
—In-— = 2% tanh™!| 20 |- 3d, ¢ >>E ). 32
2 nT énc o (énJ ( " §HC) ( )

For 2d materials in the clean limit:

1/2
1+2/IT/T,) _ hv, ( T,
e =)

B T-T,

= (2d,¢,>>¢&,). 33
[1+4/1n(T/T,)]" ~ 27T, 39)

As in the dirty limit, the approximation in Eqn. (33) is valid for (T-T,,)/T,<<1. Again, it
fails in the limit 7,, —0, predicting that & (7,) diverges as 1/ 7..* rather than approaching
&..(T) as given by Egn. (6). We point this out explicitly because the approximations
shown in Egns. (31) and (33) continue to be applied over wide temperature ranges in
place of the exact results [73],[1 20], compromising the associated analysis.

As expected, the familiar results given by Eqgns. (6) and (7) follow immediately from
Egns. (29), (30), or (31) in the dirty limit and Eqgns. (29), (30), (32), and (33) in the clean
limit for 7, =0. In general, all of the many expressions for the order parameter decay
length in normal metals found in the literature agree in the appropriate limits. Note
however that Eqns. (27) and the results that follow from them differ from some earlier
results [115],[121] which work in the dirty limit but approach énc/xfi, rather than &, in

the clean limit. The discrepancy resulted from an inaccurate approximation to the
Usadel equations [1 17]. Finally, Egn. (30) is equivalent to Eqgn. (28) even when T,, *O,
provided that the exact expressions for the coherence lengths given by Eqgns. (31) and
(33) replace &, and &,., respectively.

We close by emphasizing that the clean and dirty lirit expression Egns. (6) and (7) for
the case T, =0, and Eqns. (31) - (33) for arbitrary 7, are upper limits for the actual
value of & . If the clean limit applies, then the dirty limit expression overestimates &,
and vice versa. This was never a significant issue with low-7, materials because it is
difficult to achieve the clean limit for the temperature range of interest in low-~. thin film
structures. However, it is possible to encounter both the clean and dirty limits in high-T7,
structures, so careful consideration of the proper expression for £, is required.
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Ic in the Clean Limit

We have repeatedly stressed that all theories discussed thus far apply to devices in the
dirty limit. It is possible, however, to encounter high-~. devices which are well out of
this regime, particularly at higher operating temperatures. For example, ¢, =&, _in high-
T, SNS devices with noble metal interlayers at temperatures not too far below 7.

We can begin to approach experimental results from such devices using the
microscopic theory developed by Kupriyanov [1 16]. This calculation of I_(T) is valid for
clean, ballistic junctions (¢,>>¢,., L) under rigid boundary conditions (v,<<v,). Once

again, the ubiquitous exponential relationship Icocexp(—-L/f,,) is obtained for long
(L>>¢, ) devices.

Kupriyanov’s results for I.R, as a function of temperature in clean junctions are
illustrated in Fig. 27. We note that the normal state resistance of such a device is
determined by Sharvin's formula R,2= 2/(€’¥,v,y [122],[1 23] because ¢,>> L. Fig. 28
compares the shapes of normalized I, (T)curves to the linear dependence of Eqgn. (1).
Clearly, only very short devices (small values of L) yield quasi-linear I.(T) curves. In
the limit L —0, these devices are equivalent to clean point contacts and this theory

converges with that of Ref. [26]. The L =0 curves in Figs. 27 and 28 are therefore
identical to curve c in Fig. 1.

E. Resonant Tunneling Models

The term “long range proximity effect” identifies junctions in which proximity effect
coupling apparently occurs over distances many times (perhaps orders of magnitude)
longer than those expected from the conventional normal coherence length.
Experimental evidence for long range proximity effect coupling usually consists of an
exponential dependence of I, on L, Icocexp(—L/f;), where & is a scaling length in the
range 10-100 nm. The scaling length in this relationship is often virtually independent of
temperature. In principle, within conventional proximity effect theory ¢&,, would be
temperature-independent if D, T. However the theory does not apply to systems
characterized by such non-metallic behavior.

Devayatov and Kupriyanov [57] have developed a theory for nominally SNS structures in
which the N interlayer is an oxide with a composition close to a metal-insulator
transition. Their model assumes transport between the superconducting electrodes by
resonant tunneling, rather than direct metallic conductivity. It does not depend on
induced superconductivity in the interlayer material. Indeed, the use of the term
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“proximity effect” merely refers to the notion that the superconducting wavefunction can
exist outside of a superconductor near an interface.

Assuming that the interlayers are direct narrow gap semiconductors in which transport is
dominated by localized states, a characteristic decay length can be found [57]:

h
172 34
[2m(V— ;,L)] (34)

&

n

o=

where vis the potential at the bottom of the conduction band and u is the chemical
potential. For m = m,, the free electron mass, and a realistic bandgap of V— = 1eV,
o =0.2 nm, an extremely short distance. Conversely, in order to account for the
observed exponential dependence of I, the conduction band edge must be very close

to the Fermi level. For example, if & =10 nm, then V- u=0.4 meV, a very small
energy.

The calculation of the critical current using this theoretical approach has been
successfully used to fit quasi-linear I, (T) data in high-~ grain boundary junctions and
edge junctions with non-metallic interlayers [57]. We note, however, an important
theoretical constraint: 1 <L/@<(V — u)/ kT, For T. =90 K, this constraint means that
V—u>8meV even for L=a. According to Eqn. (34), this implies that a<2.2 nm.
Actually, even this is an overestimate of the maximum allowable a. The value of ais
inferred from an exponential relationship of I. and L, which only exists for L>> a (long
junctions). In this limit, applying the constraint L/a < (V —u)/ k7. reduces the maximum
possible value of ato well below 2 nm. The extremely small inferred values of a

appear to rule out applying this theory to junctions with L exceeding several
nanometers.

Nevertheless, the resonant tunneling approach can account for an exponential length
dependence of I, with approximately temperature-independent scaling length over
distances longer than those usually associated with tunneling (=1nm). Evidently,
resonant tunneling can occur in devices having nondegenerate semiconducting
interlayers. However, the required sub-meV bandgaps will have significant effects on
normal state transport properties. Therefore, it must be verified that these transport

effects occur in a particular sample if resonant tunneling theory is to explain proximity
effect-like behavior.

Many high-T. SNS junctions are based on interlayers whose behavior is metallic, well
away from any metal-insulator transition, and cannot be explained by a resonant
tunneling approach. In fact, many high-7. SNS junctions, including “long range
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proximity effect” ones, have essentially the same temperature dependence as those of
high-7. grain boundary and tunnel junctions. This observation should motivate a search
for a common origin for the behavior of these different types of junctions, rather than to
develop explanations on a case-by-case basis. In fact, the resonant tunneling

mechanism is interesting precisely because it can also be applied to grain boundary
junctions [57].

The preceding discussion serves to point out that the conduction mechanisms in the
interlayer are important. The tunneling (S1S) and direct metallic conduction (SNS) limits
are well-understood theoretically. Semiconductor and oxide interlayers with
compositions near a metal-insulator transition may not fail neatly into either of these
limits, yet still give rise to Josephson effects.

IV. LOW-T_.PROXIMITY EFFECT DEVICES

In this section, experimental results on SNS devices with low-T electrodes are briefly
reviewed. Our purpose is to demonstrate that conventional proximity effect theory has
been rigorously tested experimentally. In addition, several investigations of SNS’
junctions, where S is a high-7, and S’ a low-~ superconductor, have also been
performed. These experiments, which are necessarily limited to low temperatures,

appear to establish that the conventional proximity effect can occur with at least a single
high-T, electrode.

A. Low-T_SNS Junctions

As we have repeatedly discussed, the most distinctive predicted signature of an SNS
junction is the exponential-like behavior of I (T) in the case L>>¢& (7.). This behavior is
clearly visible in experimental data obtained over many years on low-7.SNS junctions.
For example, in early work on Pb—Cu — Pb sandwich junctions, Clarke [124] studied the
dependence of I, on temperature, interlayer thickness, mean free path (varied by
alloying the Cu with Al), and the presence of an oxide at the SN interfaces. This
systematic work was successfully interpreted in terms of what we now refer to as the
conventional theory of the proximity effect, establishing an exponential I.(T; L) with the
expected normal coherence length.

Sandwich junctions with metallic interlayers are of limited technological interest because
of their inherently low resistances and large critical currents. As modern microelectronic
technology was applied to superconducting devices in the 1970’'s, SNS microbridge
weak links were introduced. For example, Fig. 29 shows I (T) for a Pb—Cu— Pb
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microbridge [125]. The normalized data are well-fit by conventional rigid-boundary SNS
theory [6],[1 04] using L/¢,,(T) =8 as a fitting parameter. No attempt was made to fit
the magnitude of I.R, on the inset plot, but the agreement with theory is satisfactory. In
fact, it was reported [126] that /. (T.— T)* near T., as expected from conventional soft
boundary condition theory. It is certainly possible to fit the entire I, (7’) curve by
choosing a value of Y appropriate for soft boundary conditions. However, the crucial
point is that /. is obviously dominated by the exponential factor, while the boundary
conditions are of secondary importance. This is illustrated not only by the data shown,
but also by the fact that longer bridges (larger L/&, ) exhibited steeper temperature
dependence consistent with Icocexp(—L/én). Conventional SNS theory accounts for
the magnitude and shape of I, (7’) at all temperatures, although L/& ,(T.) must be used
as a fitting parameter because the device dimensions were not accurately known.

In subsequent work on similar Pb—Cu — Pb microbridges [127], I.(L) at various
temperatures was fit to the conventional critical current form of Eqn. (5a), yielding
values for £, (T) which were in good agreement with the dirty limit expression for the
normal coherence length, Eqn. (7). Although the magnitude of the prefactor 7,(0) in
Eqn. (5a) was not fit to theory in Ref. [127], both the magnitude and temperature
. dependence of I_in Nb-Au-Nb and Nb—Cu—Nb microbridges have been
satisfactorily described using a Ginzburg-Landau approach appropriate for soft
boundary conditions [16].

Since most low-T. SNS junction investigations have been aimed at producing practical
devices, however, efforts to understand the physics of the device behavior included
considerable attention to non-stationary junction behavior. As a result, while the
numerical value of £, and the exponential behavior of I, were comparatively well-
understood, detailed investigations of the magnitude of /. were not carried out. In fact,
virtually all research on low-T, SNS devices was conducted prior to the complete
microscopic theory described in Section Ill. Nevertheless, it is clear that the primary
predicted feature, the exponential dependence of I (7’; L), is common in low-~ SNS
devices. Indeed, careful research has shown that the characteristic length in the
exponent is the expected normal coherence length obtained from calculations.

There is little early experimental work on the role of interface resistance in SNS devices
with metallic interlayers because interface resistance in proximity effect structures was
recognized as detrimental [28]. Subsequently, interest was generated in using
semiconductors (Sin) as interlayers in SSmS devices in order to achieve practical device
resistances [17]. Such devices act as SNS junctions as long as there are free carriers in
the Sm layer. However, interface resistance is almost unavoidable in §SmS devices due
to Schottky barriers or a large mismatch in Fermi wavevectors between S and Sm.

Delin/Kleinsasser July 18, 1995 Page 41




Experiments have only shown the expected exponential dependence of /., on Tand L
for dirty limit devices with Si [128],[1 29] and InAs [130],[1 31] interlayers. Knowledge of
carrier density, effective mass, and mobility in the Sm interlayer allow & to be
calculated. Although agreement between the calculated and fitted values of &, has
been claimed for junctions with p- Siinterlayers[1 28], it has been pointed out [1 32] that
the complex band structure of p— Si was not properly considered, leading to an
overestimate of £,,. It is also probably significant that /.R, values in at least some Si -
coupled devices[1 07],[1 29] were experimentally measured to be larger than expected
from conventional theory. Clearly, SSmS devices are not nearly as well understood as
metallic SNS ones. Nevertheless, the expected exponential dependence of I, on T (in
individual devices) and on L (in sets of similar devices), using the same & ,(7.), has
been demonstrated. Thus, these basic signatures of the proximity effect are observed
in semiconducting, as well as metallic, interlayers.

Although 1. (T)in low-T, SNS bridges has never been shown to follow the quasi-linear
dependence associated with high- 7. weak links, this type of dependence has been
observed in all-Nb weak links with a narrow superconducting constriction linking two
massive superconducting banks. An example is shown in Fig. 30 [133]. This device is

evidently a reasonable approximation to an ideal clean point contact; as described by
Eqgn. (4).

B. SNS’ Junctions

Thus far, we have focused our entire discussion on SNS junctions with nominally-
identical S electrodes because these structures are of greatest experimental and
practical interest. However, many theoretical papers treat the possibility of different
superconducting electrodes. This case, designated SNS’, is of present interest because
there have been several experimental investigations of SNS’ junctions in which S is a
high-7. superconductor and S’ a low-T,. one. (Of course, the symmetry of the order
parameter may differ between the low- and high-T. electrodes, further complicating the
interpretation of the data.) We will not attempt to review this subfield, which includes
efforts involving SNIS’ junctions in tunneling studies and SN bilayers for contact
resistance studies. We will only mention work which examines SNS’ Josephson
junctions for the purpose of establishing that the proximity effect does indeed occur in
systems involving high- 7, superconductors. We note, however, that such investigations
cannot examine the proximity effect in the temperature range of primary technological
interest since they are confined to temperatures at which the low-T, electrode is a
superconductor. In addition, these experiments cannot establish that conventional
proximity effect theory can account for the behavior of all-high-~ SNS junctions.
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Gijs et al. [134],[1 35] fabricated YBa,Cu,0,_s-Ag-Pb sandwich junctions and interpreted
their results using an approach similar to that of de Gennes, modified for non-identical
electrodes. Some of their junctions showed quasi-linear temperature dependence over
a fairly wide temperature range, while others showed a rapid increase in I, (T) at low
temperatures that was qualitatively consistent with conventional proximity effect theory.
However, these experiments did not provide quantitative fits to theory using measured
inter-layer thicknesses and calculated coherence lengths. Similar experiments on
YBa,Cu,0, s~-Ag!/Au-Pb sandwiches were interpreted in terms of an SINI'S’ model
[136], but the junctions studied had a quasi-linear I.(T) dependence and no
systematic investigations involving long junctions were performed.

Tarte et a/. [137],[138] have performed systematic investigations of YBa,Cu,0,_s-Ag-Pb
sandwich junctions and also interpreted them using de Gennes's theory modified for
non-identical electrodes. In this work, the Ag thickness was intentionally varied to span
the range from short to long SNS’ junctions. Although the entire range of temperatures
below the critical temperature of Pb was not examined, junction critical currents
increased rapidly with decreasing temperature, with the rate of increase much larger in
long junctions than in short ones as expected from Eqgns. (5). This systematic study
represents the most convincing evidence to date for conventional proximity effect

behavior in SNS’ junctions and is very much in the spirit of the approach we advocate
for examining all-high-T, junctions.

V. COMPARATIVE STUDY OF HIGH-T¢ JUNCTIONS

In Section Il we saw that the normalized I.(T) curves for most high-T. junctions of
various types are remarkably similar. In many examples, I. approximately follows the
linear temperature dependence of Egn. (1) over the entire temperature range below T..
This holds for a variety of junction geometries and interlayer materials over a broad
range of bridge lengths. We now explore specific data in more detail, showing that

conventional proximity effect theory is not consistent with the observed behavior of most
of these nominally SNS devices.

It is obviously necessary to be cautious in comparing high-T, experimental results to a
theory developed for low-7, junctions. Nevertheless, it is sensible to look for
conventional behavior in existing devices as a starting point for understanding the
nature of the high-~, junctions, Recall that conventional superconducting tunneling
behavior is exhibited in at least some high-7. structures, as illustrated by the data in Fig.
8, supporting the notion that conventional theory is relevant. In addition, the recent
systematic results on SNS’ junctions discussed in Section IV give reason to believe that
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conventional SNS behavior might be expected.

A. Experimental Issues

Junction Length Scales

Several important length scales determine the behavior of an SNS weak link, including
the mean free path £, and coherence length &, in N, the bridge length (electrode
separation) L, the junction width W, and the Josephson penetration depth A,. As we
saw earlier, the analysis of SNS junctions is most straightforward in long devices in the
dirty limit (£,<<g,<< L), although some departure from the dirty limit can be
accommodated. It is also desirable that the junctions be narrow (W<2A,) so that the
current distribution is uniform and I, reflects the critical current density, J., which is a

more fundamental parameter. Fortunately, most devices that we consider meet these
constraints.

We have seen that the temperature dependence of &, is not simply 1/7 or 1/ T*2 unless
the junction is clearly in the extreme clean (¢,>>¢&,) or dirty (£,<<¢&,.) limits,
respectively. However, &, is easily calculated in its general form if v, and £, are known.
It can also be determined experimentally. In the limit L>> £, conventional proximity
effect theory predicts a purely exponential dependence of 7. on Lregardless of the
behavior of the SN contacts. Thus, &, is determined by the slope in a semilog plot of
I.(L). However, even this simple approach requires further discussion.

There have been few careful high-temperature device studies where &, is inferred from
1.(L) data at several different temperatures and carefully compared to theory. This is
partially because such a study is difficult in practice. For example, an exponential
dependence of I.(L) requires that L>>¢ atthe measurement temperature. Because
& diverges as 7, is approached from above, the temperature range over which &,
satisfies this criterion is reduced. Recall also that, while I.(L) can be exponential below
0.37., the exponent no longer gives &, directly. Moreover, the temperature regime is
restricted from above by the fact that the critical current must vanish as T, is
approached. Finally, the actual interlayer thickness is not typically known with precision
because of thickness calibration difficulties, inhomogeneities in the deposition film

thickness, and an uncertain junction length in the transport direction for structures such
as edge geometries.

Combining the issues of a restricted measurable temperature range and the uncertainty
in the value of L, the central difficulty for I_(L) studies is apparent. Junctions of many
different lengths need to be fabricated to meaningfully extract £, from the data.
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However, this length range is limited: We must choose a single temperature where
each L is large enough so that the junction is in the long limit, but short enough to have
an experimentally measurable I.. Generally speaking, this yields a range of about 30
nm between the shortest and longest bridge lengths. The uncertainty in L, however,
can be 5 »m or more, a significant fraction of the range. Consequently, the resulting
extracted values of £ must be viewed with some skepticism. Despite the difficulties
with this type of study, there is a major need for more experiments along this direction
with special emphasis on establishing controlled fabrication processes.

Finally, the simple exponential relationship 1, =7 ,exp(=L/&,) limits the absolute range
of L. In a typical experiment, the critical current density at 4.2 K, extrapolated to L =0,
is 50 mA/um® [64], [66]. The area of a typical photolithographically-defined edge
junction is = 1 um*. Thus, an upper limit for I, is about 50 mA. The minimum (thermal
fluctuation-limited) measurable Josephson current is roughly ekT/h, or about 1 uA at 77
K. Inverting Egn. (5a), we thus see that to even observe a critical current at 77 K, the
ratio L/{,should be less than about 10. (Ideally, we should have used a value of I, at
77 K in this estimate, but there is little 7.(L) data available at this temperature.
Nevertheless, since I, is lower near T,, the true upper limit on L/, is smaller still.)

This rough upper limit of L<10&, (T) for even observing a device supercurrent at 77 K
has a major impact on the range of L. Recall from the discussion following Egns. (6)
and (7) that &, is less than 15-30 nm at 77 K for typical noble metals. We thus find that
an upper limit on Lis a few hundred nanometers for SNS junctions made with
interlayers of Auor Ag. Because the Fermi velocity is at least an order of magnitude

smaller in typical oxide metals, 30 nm is a reasonable upper limit on L for oxide-based
SNS junctions.

Noise Rounding

This paper deals exclusively with the stationary properties of Josephson junctions and
does not confront any of the interesting and important issues associated with junction
phase dynamics and finite voltages. Experimental measurements of the critical current,
however, require dealing with the current-voltage characteristics of the device. In most
cases, the measurement of /. consists of determining the largest value of current for
which the voltage is immeasurably small. The sharp break from zero to finite voltage in
a typical Josephson junction makes this a particularly simple matter. However, when I,
is small, such that the Josephson coupling energy ki, /2e is comparable to KT, thermal
fluctuations result in the appearance of a finite dc voltage across a junction at current
levels below the intrinsic critical current of a junction [22]. Fortunately, many junctions
are well-described by a simple circuit model and the intrinsic critical current can be
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deconvolved from the measured I-V characteristics [22]. This extraction process is
routine practice with low- T. devices. It has also been shown that some high-T.
junctions are well-described by the standard noise-rounding model over the entire range
of temperatures below 7; [139]. High-T, junctions not described by the model present a
problem since accurate measurements of I, are required for our analysis. Fortunately,
the experimental difficulties associated with small critical currents are generally an issue
only near T, outside the temperature range of primary interest,

Magnetic Field Modulation of Critical Current

When a magnetic field threads the junction plane of an S/S tunnel junction, the magnetic
energy associated with a flux quantum &, matches the Josephson coupling energy

when the flux is spread out (in the direction orthogonal to the current flow) over a
distance known as the Jospheson penetration depth [21]:

172
A, [ P (35)
2mul (d + 22,)

where u is the permeability of the insulating layer, dis the tunnel barrier thickness, and
A, is the London penetration depth of the electrodes. If the junction width wis much
greater than A,, transport in the junction will be effected by the local magnetic fields
created by the current itself. In this wide junction limit, the transport characteristics can

be dominated by the dynamic behavior of the flux quanta (Josephson vortices) in the
device,

In contrast, the magnetic fields caused by the currents in the junction can be neglected
for W< A,. The response of the critical Josephson current I/, to an external magnetic
flux @ in the plane of the junction then contains information about the distribution of the
supercurrent over the junction area [140]. For a rectangular SIS junction,
I.(®)o<sinx/x, where x = n®/P,, a Fraunhofer pattern. The zeroes of the function
correspond to integral numbers of flux quanta threading the junction. In general, I (®)
is related to the Fourier transform of the spatial distribution of the critical current density
in the junction. Because only the magnitude of I is measurable, absolute phase
information is lost and the spatial variation of the critical current density cannot be
unambiguously determined from the magnetic field response. Nevertheless, it is
possible to determine the macroscopic scale over which the supercurrent flows in an
average sense [141 ]. Consider, for example, a rectangular junction with the
supercurrent distribution determined by tiny pinholes through the insulating barrier. If
the pinholes are uniformly distributed over the junction area, the I (®) characteristics of
the rectangular device will approach the ideal Fraunhofer pattern despite the
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microscopic nonuniformities in current distribution [1 11 ],[1 12]. Thus, we can infer from

1.(P) data the macroscopic (averaged) distribution of the supercurrent flow and not the
microscopic distribution.

The meaning of I.(®) for an idealized planar tunnel junction is clear. Real devices,
however, are more complex. First, flux in the form of Abrikosov vortices can be trapped
in the superconducting electrodes themselves, affecting the critical current of the device
[142]. Moreover, the overlapping, non-planar, structures associated with many high-7,
junctions pose special problems. It has been demonstrated, for example, that a spatial
modulation of the critical current in a high-7. edge junction can be attributed to the
presence of Abrikosov vortices in the overlapping counterelectrode [1 43].

Clearly, we must use caution when interpreting I.(®) data in terms of local current
distributions. The magnetic field response has been used to infer that many high-T.
junctions have highly nonuniform current distributions [39]. Indeed, the interpretation of
I.(®) data has played a major role in constructing models of the junctions based on
inhomogeneous interlayer or barrier regions.

B. Parameter Estimates

In order to make detailed comparisons between theory and experiment, it is important to
calculate &, accurately. This requires three basic material parameters of
the N interlayer: Its critical temperature T, Fermi velocity v,, and mean free path £,.
Here we summarize the values of these quantities for relevant interlayers. Although T,
is easily obtained by direct measurement, the other two parameters may not be as
accurately known, particularly in the case of anisotropic oxide films. We will proceed by
making reasonable estimates for the better-known parameters and calculating others as

required. We also comment on other important parameters in the theory, such as the
interface parameters ¥ and v,.

Coherence Lengths

In noble metal interlayers such as Au and Ag, the important parameter values are
unambiguous. Of course, T,, =0 and, assuming a spherical (isotropic) Fermi surface,
we can use the Drude model of conductivity [144] to obtain

_ h(3ﬂ.2n)|/3

v, = (36)
m

and
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0, = — (37)
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In these expressions, n is the carrier density, mis the effective electron mass, and p,
is the resistivity. Table 2 lists values for carrier concentration, Fermi velocity, and
resistivity for Cu, Au, and Ag under the assumption that m is the free electron
mass m,, with £, taken to be 100 nm. (Note that the bulk mean free path is extremely
long in pure noble metals below 100 X, so that ¢, is determined by the film thickness,
which we take to be 100 nm for the tabulated parameter values) Also listed are the

values of £, &4, and &, at 77 and 4.2 K, obtained using Eqgns. (6),(7), and (30),
respectively. coo C

We next examine the ruthenates CaRu0O, and SrRu0,, both of which have been used as
interlayers. These materials are oxides with 7,, = O. We begin with CaRuO; because it
is a simple isotropic metal that is reasonably well understood [145]. Table 2 lists
relevant parameter values as well as the coherence lengths at 77 and 4.2 K. The
resistivities listed are obtained from data on 200 nm -thick films [66] and are given
approximately by p,(T) =2.07 Q -M+(0.0160 Q — um/K)T.

The resistivity can also be expressed as:

1

_ | 38
Pn 2e2W"D" (38)

an expression that is generally applicable independent of the details of the band
structure if the single-particle density of states, #,, is measured or calculated
independently, Recalling that the 3d diffusion constant is given by D,=v_¢,/3,¢, can
be determined if p,,V,, and %, are known. In fact, the mean free path in CaRuO,
obtained from Eqgn. (37) agrees with that deduced from the density of states as

measured by electron-energy-loss spectroscopy [1 45], underscoring the material’'s
simple 3d metallic nature.

Parameter values for SrRuO, are also found in Table 2 [145]. As before, the isotropic
metallic nature of the material is demonstrated by the agreement between estimates
made using the carrier concentration, n, and those using the density of states, #,. Bulk
SrRuO, differs from bulk CaRuO, by undergoing a ferromagnetic phase transition at a
Curie temperature of about 160 K [146]. This transition has been used to explain kinks
in p, (T)curves measured on SrRuO, films as thin as 10 nm [67]. For the temperatures
of interest for SNS devices, we use the measured linear resistivity [67], p,(7") =0.52
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Q — um+(0.0098 Q — um/K)T.

Finally, there is the popular class of N interlayers whose crystalline structure is similar
to YBa,Cu,0, ;. As several of these materials are actually substituted forms of
YBa,Cu,0,_;, it isuseful toexamine theparameter values of YBa,Cu,O, 5 as a starting
point. The carrier concentration in pure YBa,Cu,0, ; is approximately 5x 1027 m™
[42],[1 47], or about one carrier per unit cell. Consequently, the standard 3d relationship
for the Fermi wavevector yields k, = (3n’n)""’ =5.3x 109 m™'. However, the cuprates are
highly anisotropic and so we should consider estimates which are based on 2d
treatments. Since the c-axis lattice constant is 1.16 nm [148], the sheet carrier
concentration is N, =5.8x 1018 m™ which, in turn, yields a 2d Fermi wavevector of
k,= (27N,,)""* =6.0x 109 m™ Notice that the difference between the 3d and 2d
wayv evector estimates is small so our estimates are not very dependent on the assumed
dimensionality. The accepted effective carrier mass for a-b plane transport is about 5 m,
[42], and a reasonable estimate of the in-plane Fermi velocity is v, = #k, /m =1 .4x 105
m/s, which is about the same as that found in the ruthenate materials discussed above.

In order to calculate the mean free path using Eqgns. (37) or (38), the resistivity is
required. For pure YBa,Cu,O, 5, p,>T. The value of p, at a given temperature varies
with purity and defect density; p, =1 Q—pum at 100 K.Eqn. (37) then leads to ¢, =5
nm at 100 K. Table 2 lists estimates for relevant parameter values at 77 K based on
these values. Checking the consistency of the estimate of the mean free path using the
density of states relation (38), we obtain £, =4.5 nm at 100 K for 2, =3x 1028 ey 'm?
[148], a reasonable match.

In interlayers based on YBa,Cuw,0,_s, chemical substitution can be used to reduce 7. In
YBa,Cu,0,_s the relationship between 7, and n is parabolic [149]. In the case of
YBa,Cu,_,Co,0, 5,Co is substituted onto Cu sites, decreasing » and yielding 7, =50 X .
As a result, for YBa,Cu,,,Coy, 0, 5 the carrier concentration is roughly 75% of that in
YBa,Cu,0, 5. InY Ca,_ Ba,Cu,0, 5, Ca is substituted onto Y sites, yielding 7, =50K
again. However, the carriers added by the Ca ions are compensated by the creation of
O vacancies [149]. As a result, we will use the carrier concentration characteristic of
pure YBa,Cu,0, 5 in our parameter estimates for Y Ca,_  Ba,Cu,0, ;.

Changes in n, as well as defect scattering, affect p,. Given n, p,, and T,,, we can
obtain ¢, and £,. In calculating £,, we use a 2d treatment of the layered cuprate
interlayers. Comparison with the results of a 3d treatment indicates that the differences
are insignificant for this discussion. We further assume the same lattice constant and
carrier mass as in pure YBa,Cu,0, ;. Table 2 lists transport parameters and coherence

lengths for YBa,Cu,.,C,Q s and ¥,Caz3Ba, Cu,0, ; -

Delin/Kleinsasser July 18, 1995 Page 49




As the required parameters for the doped interlayers are not known with precision, it is
important to understand the validity of the estimates given in Table 2. Figure 31 shows
ET) for p,=1, 3, and 10 Q-pm, the range of interest for oxide interlayers. For
comparison, the corresponding curves for 7, =0 are also shown. Clearly, finite T,
substantially enhances &,, which is a few nanometers over the temperature range of
interest and varies by roughly a factor of 2 for the order of magnitude change in p,.
Doping changes would shift the curves up or down in proportion to v,,. Reducing ¢,
(increasing p, ) results in a shift towards the dirty limit, but the effect on the shape of the
curves is not major. For the finite 7, curves in Fig. 31, the ratio £ /&, ranges between
1.4-1.8, 0.81-1, and 0.45-0.56 for p,=1, 3, and 10 Q- um, respectively, indicating that
departure from the dirty limit is not excessive for p, above roughly 3 € — um. Finally, it
is instructive to estimate the effects of ion substitution by calculating &£, under three
different assumptions: (1) doping changes only £, and not n, (2) doping changes only
n and not ¢,, and (3) doping changes both parameters. (In Table 2, it is assumed that
both ¢, and n are affected by doping.) Although the system tends towards different
(clean and dirty) limits in the three cases, the final computed values of £, are similar
over the temperature range of interest (7,,<7T<7T.) and vary less than 20°/0 from each
other at 77 K. From these observations, we conclude that the normal coherence length

is a few nanometers regardless of how Co and Ca doping affect the properties of
YBa,Cu,0,_;.

Interface Parameters ¥ and ¥,

The interface parameter y depends on the resistivities and densities of states in the S
and N layers; y = (W,p,/ ¥,p,)"?, as indicated by Eqn. (14). Rigid boundary conditions
(y<<1) are favored by high resistivity N layers with low carrier concentrations (relative
to S). Soft boundary conditions are favored in the opposite extreme. Although the
density of states should not depend strongly on temperature, pis temperature-
dependent for many materials used in high-T, devices.

Consider junctions with oxide interlayers first. In YBa,Cu,0, 5 the resistivity is
proportional to temperature. This relationship holds in some doped cuprate interlayers
as well, although often p, exceeds p,. For other oxides, such as the ruthenates,
p.>>p,, with p, much less temperature-dependent than p,. Moreover, for 3d, %, is
proportional to m’v, and so %, will not be significantly larger than ,. As a result, in

typical high-7. junctions with oxide interlayers, y <1 and the boundary conditions tend
towards rigid.

The other SNS junctions of interest are those with noble metal interlayers. In this case,
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N,>>N,,and p, << p,, except possibly at very low temperatures, Therefore, y>>1, and
soft boundary conditions should apply in the absence of interracial barriers. This means
that /_.R, should be reduced in proportion to 1/y°.

As discussed in Section lll, the parameter ¥y only dominates junction properties in the
limit of high SN interface transparency, 7,<<1. However, recall that y,>1 even for the
best metallic contacts to high-~ electrodes. The presence of a tunnel barrier will further
increase the contact resistance, leading to the expectation that y,>>1. Thus, we expect
that rigid boundary conditions will hold in most cases of interest and that y, will be the
more important interface parameter. Note, however, that the absence of a barrier
locally (a pinhole in an interracial barrier, for example) implies that y, =0 there.

C. Examination of Specific Junction Types

We now examine several experimental studies of high-~. SNS junctions within the

theoretical framework developed in Section lll. We emphasize again that this is a
representative, not exhaustive, survey of the field to date.

Noble Metal Step-Edge Junctions

The best understood normal interlayers are noble metals. For such materials, v, falls in
the range 1-2x 10% mi/s, so that £.is 15-30 nm at 77 K. As discussed earlier, &,
represents an upper limit for normal coherence length. Estimates of & for
representative noble metals are listed in Table 2 (using a film thickness of 100 »nm as
the value of ¢,). It is interesting that £ does not change dramatically when the
interlayer thickness, and hence £, is reduced. For example, halving £, from 100 to 50
nm only reduces &, by 13-1 8°/0 from the values listed in the table. Thus, although ¢,
may be reduced by defects in actual inter-layers, our analysis will not be greatly affected.
Noble metal interlayer films thinner than a few tens of nanometers are unlikely to be
electrically continuous and hence are not of interest here,

At low enough temperatures, all SNS junctions are in the dirty limit because &,
diverges, assuring that ¢,<<¢, . It is therefore convenient to define a crossover
temperature 7, at which &, (T)= &, (T). For a 3d material,

,
= 3hv, (39)
S 2nke,

From Eqn. (30), we find that &, (7’) is within 10% of £, (T) for 7>3.437, and within 10°/0
of &, (T) for 7<0.367,. It is useful to refer to Fig, 26 in examining these limits. For a
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100 nm thick Ag or Au film, 7,=51K. As a result, we can only confidentially apply
dirty limit theory to such noble metal SNS junctions for temperatures less than
approximately 18 K. Thus, while most noble metal low-T devices are in the dirty limit
for all temperatures of interest, applying this same limit to noble metal high-<. junctions
is of no value except at low reduced temperatures.

The same 100 nm thick Ag or Au film will meet our criterion for the clean limit only for
T>175 K, beyond the critical temperature of any known superconductor. Thus, noble
metal devices are not well-described by either the dirty or clean limits at 77 K.

However, the clean limit coherence length is relevant to the temperature dependence of
the critical current. The expression [1 16]

E—:ﬁ—+—1~ “£,>&.) (40)

is accurate to within 5% for ¢,>¢& ., or T>T /3, as shown in Fig. 32. This means that
the exponential relationship between I, and L/¢,_ (T) expected in the clean limit holds:
I, = exp(~L/ &)= exp(~L/£,)exp(-L/§, ). Because the temperature dependence of ¢,
is weak, the additional prefactor has little effect on the shape of normalized I, (T) data.

The details of electron transport in step-edge microbridges are not well-understood. For
example, it is difficult in most cases to ascertain the minimum distance, L, between the
S electrodes. As shown in Fig. 9d, it depends on at least the step height, electrode film
thickness, edge angle, and deposition angle. Reported step heights vary from roughly
60 nm to as large as 400 nm, and S electrode thicknesses are typically 50-200 nm.
The S film is deposited at an angle in order to produce two electrodes separated by a
break at the step. We will not discuss here the fabrication issues connected with non-
line-of-sight deposition which could produce unintended shorts. Instead, we will simply
assume that the superconducting electrodes are electrically isolated in the absence of

the noble metal film. Indeed, it is common to attempt to verify this isolation with control
experiments.

Junctions with the base electrode film exceeding the step height have been fabricated
[150]. This geometry minimizes L, which is given by the horizontal separation of the
electrodes in Fig. 9d, d,,, tan O, where d,,, is the step height and O is the angle of
incidence for the superconductor deposition (6° = O corresponds to normal incidence).
For6=45", L=d,,,. Thus, since the typical minimum step is 60 nm, we see from Table
2 that all noble metal step-edge junctions fabricated to date should be long with
L/E,(T.)>4. Moreover, L is even greater in junctions having electrodes thinner than the

step height. As this thin-electrode case is the more common fabrication choice,
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L/ (T) should be greater still. Clearly, an exponential temperature dependence of 7,
should be ubiquitous among all these devices,

In Figs. 14-16, we saw that 1.(T) is quasi-linear for most noble metal step-edge SNS
bridges. Despite the fact that L>>& (T.), there is little experimental indication of the
expected exponential-like temperature dependence and the expected changes in shape
of 1. (7’) with changing L/ (T.). This observation holds for both pure Ag and Au
bridges as well as Au-Ag alloyed bridges, in which the alloying should cause the
junctions to be closer to the dirty limit.

Let us next consider I.(L). Fig. 33 shows data at 4.2 K for several bridges [151]. The
data are actually I.R,, but the normal state resistance displays little temperature
dependence, I, can be fit to the exponential form of Eqgn. (5a). At 4,2 K, the Ag and
Au-Ag bridge data of Fig. 33 reveal that &=44.1 and 18,3 nm, respectively. The dirty
limit applies at this low temperature and, as we saw in Section lll, theory predicts that
L,=3.18¢& (T.), yielding &,,(T.) =13.9 and 5.75 nm for Ag and Au-Ag, respectively.

The Ag value for £,,(T.) is about half that estimated in Table 2, a clear inconsistency
between theory and experiment.

We now compare Ag and Au-Ag bridges by examining I.R.. The low-temperature
values of IR for Ag and Au-Ag junctions obtained from the fits of Fig. 33 are 0.112
mV and 3.72 mV, respectively. From Eqns. (24)-(26), we see that I, R is proportional
to y,%, where & = 1 in junctions in which the contact resistance r. dominates R, and
a=2 in junctions in which the bulk resistance of the interlayer dominates R,. (Recall
that we expect y,>>1 for typical metallic contacts to high-T. superconductors.) Now,
y,=rl(p, £ ,T)). From Egns. (7) and (38) we see that & ,(T.) < (N,p,) ", and
therefore, 7y, e<r.w,.& ,(T.). Assume that r, is the same for Ag and Au-Ag interlayers
deposited on YBa,Cu,0, ;. Since, the density of states, #,, is virtually identical in the
two interlayers, we thus find that the ratio of 7 R, between Ag and Au-Ag devices
should be the ratio of [ém,(Tc)]"a in the devices. However, the experimentally-obtained
I, R ratio is 0.030, while the ratio of [ém,(Tc)]'“ using the fitted values obtained above is

0.41 if a=1and 0.17 if @ =2. Thus, there is a significant discrepancy between
experiment and theory.

Figure 34 shows the dependence of normalized critical current on reduced temperature
for an investigation [150] of Au bridges in which 85 nm -thick electrodes were deposited
onto steps varying from 80 to 140 nm in height. When d,

wep =80 nm, the electrode
thickness d,, exceeds the step height 4,,, and L=d, . When 4., <d,,,, we estimate

that I’ =d;,, + (d,,, —d,,)" for & ==45°. Thus, for d,, =85nm and d,, =80, 110, and

140 nm,we estimate that L =80, 113, and 150 nm, respectively, Assuming that ¢, =L
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and & _(7.)=19.0 nm, we therefore conclude from Eqgn. (40) that L/& (7.) =5.2, 6,9, and
8.9 for the three step heights. Clearly, L>>¢,(7.) and the reduced length varies by
nearly a factor of 2. Thus, we expect a dramatic exponential-like dependence of 7. on
temperature, with much more upward curvature in the longer devices. Instead, we see
in Fig. 34 that the shape of the normalized I.(T) data varies only slightly. Although the
gualitative trend is towards greater upward curvature in the longer devices, the amount
of upward curvature and variation from device to device is much smaller than expected.
Similar results were obtained from studies of step-edge junctions in which the Aufilm
morphology was altered by changing the Au deposition temperature [152].

Finally, let us examine data on the length dependence of I, for these Au step-edge
devices [150]. I (L) data at 4.2 K is available for the junctions in which d,, >d,,,, s
that L =d,,,. Recall that the dirty limit should apply at this low temperature, If we
attempt to fit the data to the exponential dependence of Eqns. (5), we require that
Ly= 10 nm. This, in turn, implies that & (7.)= Lo/3.18=3 nm, much smaller than the

values of either & (T.) or € ,(T.) estimated from Table 2.

We thus conclude that the available experimental data on noble metal step-edge SNS
bridges are clearly inconsistent with conventional theory in both temperature and length
dependence. If, however, these devices are not SNS in nature, it is far from clear how
they function for there is no clear alternative explanation, Further investigation of the
step-edge bridge geometry is worthwhile in light of the excellent performance reported
for magnetometer [76], [77] and high frequency [80] devices based on it.

Oxide Metal Edge Junctions: Ruthenates

Edge junctions having oxide metal interlayers with 7., =0 form another class of devices
for which experiments can be compared to theory in detail. Most oxide edge junctions
reported to date have resistances that greatly exceed that attributable to the bulk N-
layer, so interracial resistance dominates. However, we have seen that contact
resistance affects only the magnitude of I, and not the qualitative signatures of the
proximity effect. Here we demonstrate that the data available on these junctions is
inconsistent with conventional proximity effect theory. We will also see that there is
direct evidence for pinholes through the N interlayers in some of these devices.

We begin by discussing YBa,Cu,0, 5 edge junctions with CaRuO, interlayers [66], [69].
From Table 2 we see that CaRuO, is in the dirty limit for all temperatures below 7,
(approximately 90 K) with &,,(7.)=0.8 nrn, so conventional SNS junction models should
apply. However, I (T) data for CaRuO, edge junctions are quasi-linear. For example,
the data shown in Fig. 12 were taken from a device with L =10 nm, implying that
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L/ (T.)= 12. Under conventional proximity effect theory, such a long junction must
exhibit exponential /. (T) behavior, In fact, comparing the data to Likharev's theory
[6],[1 04] reveals that a much better match is achieved for L/¢ (T.) =4 rather than
L/, (T.)y = 12, as shown in Figure 35. Clearly, the bridge in question does not obey
conventional theory unless the interlayer is actually one-third as thick as claimed.

We saw earlier that to observe a critical current requires L less than roughly 10&,_, (T).
Considering the large estimated reduced length L/& , (T), no supercurrent should be
observed at 77 X in the junction under discussion. In fact, at 77 K¢ ,(T)=0.9 nm and
we thus expect a supercurrent to be apparent only for L<9 nm. Despite this, there are
reports of finite critical currents at 77 K in CaRuO, edge junctions having L as large as
30 nm [66], implying that L/&,, (73>33. Again, in light of the exponential dependence of
I.on Lin conventional proximity effect theory the discrepancy between theory and
experiment is quite large, and supercurrent transport appears to take place over
physically impossible distances.

Studies of the critical current as a function of length for CaRuO; devices have also been
reported [66]. Data taken at 4.2 K are shown in Fig. 36. There is a large, presumably
exponential, change in J. as L increases from 10 to 50 nm. However, the large scatter
in the data, roughly 2.5 decades for L =30 nm, makes it impossible to convincingly
establish a specific relationship between J_ and L. More fundamentally, the fact that
two junctions differing in nominal length L by a factor of 2 can exhibit the same critical
currents indicates a large inhomogeneity in interlayer thickness and raises the question
of whether or not any of the device interlayers are continuous. Even if the scatter is
neglected, the data are not easily reconciled with conventional theory, Using the values
of p, and &, in Table 2, J.(L) can be calculated from Egn.(5b). Thus, Fig, 36a was
obtained using J,, = 0.70 A_(0)/(ep,$,,(T; ))=3.6 A/ um* and L,=3.18¢ ,(T.) =2.6 nm,
with 2A_(0) /kT.=3.53. Note that this calculation assumes high SN interface
transparency, y,<1. Larger values of y, would result in much smaller critical currents.
This would result in a reduction in J_, to a value more in line with the data, but J_ at
finite L would then become far to small, Thus, despite evidence that the device

resistance is dominated by interface resistance, the data are clearly not compatible with
Y, >>1,

Figure 36b is a two-parameter fit to the data of the form Eqn. (5 b), which results in
J,,=31mA/um* and L,=5.6 nm, The smaller fitted value of J., might be understood
as resulting from interface resistance or inhomogenceity, however the 120% discrepancy
in &, values is harder to explain. In addition, the larger I, value obtained from the fit
implies that £, (T.)= 1.7 nm. Even with this larger value of ,(7.), L/£ (T,) ran9es up
to 28, incompatible with a finite critical current at 77 K in the longer devices. For
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example, Ref. [66] reports a reasonably sized critical current density of approximately
20 pA/pm* at 77 K for L =30 nm where L/& , (7') should be 17. These discrepancies
are not surprising in view of the unexpected quasi-linear behavior of 7_ (T).

We saw in Section Il that conventional theory predicts that at very low temperatures, for
L/IE (T.)>12,J,<1/L', a dependence that is much slower than exponential. Thus,
theory predicts an exponential I.(T) dependence over a wide temperature range but a
power-law length dependence at low temperatures for these very long (L>> & (7))
junctions. Obviously, neither prediction is compatible with the reported CaRuO, data,

Difficulty in reconciling CaRuO, device measurements with theory is not limited to edge
junctions. Comparisons between theory and experiment using CaRuO, step-edge
devices [82] are equally puzzling. For the device of Fig, 17, d,,,= 100 nm and d,, =80
nm, implying L =100 nm and L/ ,(7.)>120. Proximity coupling in such a junction is
impossible to reconcile with conventional theory, as is the quasi-linear (rather than
exponential) I, (7’) dependence,

Similar inconsistencies between theory and experiment have been obtained on edge
junctions with SrRuO; interlayers [67]. The relevant lengths are listed in Table 2 and
again the dirty limit applies at all temperatures of interest, with & (7.)= 1.2 nm. For a
typical reported device length of 20 nm, the reduced length /& ,(7.)>16. As before,
conventional proximity effect theory predicts that 7. (7) should exhibit an exponential
temperature dependence with no observable I, at higher temperatures. Nevertheless,
data such as that presented in Fig. 12 again has a quasi-linear temperature
dependence, In fact, we find that the best match of the data in Figure 12 to theory is
achieved for L/¢,, (T.)=4, just as in the CaRuO, edge junction case. Aside from the
large discrepancy between inferred and predicted normal coherence lengths, another
remarkable issue emerges: Although the CaRuO, and SrRuO, devices are characterized
by different &, and different ranges of L values, the best match of theory and

experiment yields the same reduced length L/ (7.) ! This observation can hardly be
accepted as coincidence.

The results of a study of I.(L) at 4.2 K for SrRuO, SNS devices are shown in Fig. 37
[67]. Again, the large scatter in the data suggests that the possibility of discontinuous
interlayers merits strong consideration. Even if we ignore the large scatter, however,
the data are not easily reconciled with conventional theory, Using the values of p, and

¢, in Table 2, J,(L) can be calculated from Eqn. (5 b). The resulting curve would lie
well above the data shown. We note, however, that R of both CaRuO, [66] and SrRuO,

[67] devices is dominated by interface resistance, suggesting that y,>>1. Although
taking y, into account does not improve agreement between theory and experiment in
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the CaRuO, case, a large value of y, should be considered for SrRuO, devices. From
Table 2, we obtain p,=0.56 Q- um at 4,2 K and £ (T.)= 1.3 run. Device resistance
data [67] shows that r.>>p, L, implying that R =2r/ 4. The spread in R, values is
large, but r. is on the order of 10 Q~ um*. Thus, from Eqgn. (24), y,~ 104. This results
in predicted 1. values far smaller than the reported data. Figure 37a was obtained
assuming an SINIS structure, using J,, = 0.70A_(0)/(yep,£ (T )) =5.6 mA/um* and
L,=3.18¢,,(T.) =4.2 nm. In order to obtain the J, value, we chose y2= 1000, smaller
than the above estimate. The discrepancy might be explained by interface
inhomogeneity. Figure 37b is a two-parameter fit to the data of the form Eqn. (5 b),
resulting in J,,=1.2mA/pm* and L,=8.5 nm, or twice the calculated value. The
discrepancy between theory (including the fitting parameter ;) and the 7, (L) data is
relatively small given the scatter in the data. As with CaRuO, devices, the real problem
of theoretical interpretation lies in the extrapolation to higher temperature, since the
observed quasi-linear temperature dependence of the critical current cannot be
reconciled with conventional proximity effect theory.

Twenty-four of the twenty-nine SrRuO, devices with L =25 or 30 nm were reported to
have “zero” critical current [67], with J <1uA/um® (I.<1uA) at 4.2 K. Without
correcting for noise rounding, and allowing for the possibility of external noise affecting
the measurements, this small value is close to the minimum observable I, at this
temperature, If the critical current density data for L 225 nm have the same spreads as
that for smaller junction lengths, then the failure to observe a critical current in over 80%
of the junctions with L =225 nm is simply consistent with the rest of the data shown,

Antognazza and co-workers [67] offer a more exotic explanation for why most of the
longer junctions have no observable critical current, For SNS junctions with
ferromagnetic interlayers, I.(L) has been predicted to either oscillate [1 53] or exhibit a
critical thickness [154],[1 55]. In either case I (L) goesto zero at some critical value L.
In most ferromagnetic materials, the Curie temperature (160 X in bulk SrRuO,)is larger
than 7_. Analytic expressions for I.(L) are available in this case for dirty limit junctions
[153], the situation of interest here. However, Ref. [67] incorrectly argues from an
expression [155] for c/can limit junctions having ferromagnetic interlayers with small
Curie temperatures (much less than T.). Furthermore, ad hoc replacements of & by
¢, and L, by a dirty limit value [154] were made, It was then concluded that L. must
be 25 nm, since I.(L) apparently vanishes at that thickness. However, L, in this model
is directly proportional to &£, and the claimed experimental values of these quantities
are inconsistent with each other. This line of reasoning, based on inappropriate
theoretical expressions, provides little support for the exotic claim that these SrRuO,
junctions are an example of ferromagnetic SNSdevices.
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Transmission electron microscopy (TEM) studies of CaRkuO; edge junctions [1 56] have
revealed direct shorts through 5 nm thick interlayers. The number of observed shorts
decreased as barrier thickness increased and shorts were thought to be “generally
absent” in edge structures with interlayer thicknesses exceeding 30 nm. Similar TEM
evidence for pinholes through SrRuO, interlayers exists [157]. These observations
suggest that shorts exist through the interlayers in most of the junctions in Fig. 36. A
proximity effect interpretation is therefore clearly inappropriate. Considering the small
areas probed by TEM, it is reasonable to postulate pinhole shorts through the
interlayers in all the reported junctions. Thus, despite persistent claims of their SNS
behavior [66], [67], ruthenate edge junctions are better described by a pinhole model
[15], the interlayer pinholes having been observed directly.

Oxide Metal Edge Junctions: Cuprates (Ten=0)

Transport in cuprate materials is not as well understood as in noble metals or oxide
metals such as the ruthenates. Nevertheless, cuprates have attracted considerable
attention as interlayers for SNS junctions because of their chemical and structural
compatibility with the high-T. electrode materials. For example, lattice-matching is
useful for allowing epitaxial growth of the counterelectrode. In addition, the matching of
thermal expansion coefficients over the entire temperature range encountered in device
growth and operation helps to preserve the integrity of the desired structure.

We saw in Section Il that SNS edge junctions have been fabricated with interlayers of
non-superconducting YBa,Cu,0,_5[59],[1 58] by depositing the interlayer at a lower-than-
normal temperature (=530 “C). In such devices, J, depends exponentially on length at
low temperatures, with £, estimated from experiment to be roughly 2 nm [59].
However, as in the ruthenate case, J.(T) data are quasi-linear and do not change

shape when L increases. Thus, these junctions also fail to conform to the predictions of
conventional proximity effect theory.

The most commonly-employed cuprate interlayer material with 7, =0 has been
PrBa,Cu,0, ;. This material is structurally very similar to YBa,Cu,0, ; and is anisotropic.
However, PrBa,Cu,0,_sis not superconducting and has transport properties varying
from insulating to metallic depending on fabrication conditions and transport direction.
We see from Eqgns. (7) and (37) that, within conventional proximity effect theory, &,
decreases with increasing resistivity and carrier density as 1/(p)’?n'’®). Thus, if the
interlayer changes from metallic towards insulating, the accompanying resistivity
increase results in a smaller coherence length. This has serious consequences for the
application of conventional proximity effect theory. For example, in a representative
oxide metal such as CaRuO,,&,, a 77 Kis 0,88 nm (see Table 2). Increasing the
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resistivity by a factor of 100 decreases &, to less than 0.1 nrn if n is unchanged. If n
were reduced in achieving this resistivity increase, &, would be larger, but even a
simultaneous two order of magnitude reduction in » would yield a £ , below 0.2 ntn, still
on the order of a single lattice spacing. Thus, conventional proximity effect theory
cannot account for supercurrent in junctions with interlayers approaching a metal-
insulator transition. Moreover, conventional theory, which assumes metallic transport in
the interlayer, cannot apply to non-metallic N materials.

Sandwich YBa,Cu,0,_; junctions with PrBa,Cu,0,_, interlayers were first fabricated with
each layer having its c-axis normal to the substrate [62]. Supercurrent were observed
in junctions up to 50 nm -thick at temperatures exceeding 40 K. Although no I.(T) data
are available, the junction resistance above 7. increased dramatically with decreasing
temperature, consistent with a non-metallic interlayer. The interlayer resistance was on
the order of 106 Q — um, so conventional proximity effect theory does not apply, as
discussed above. In fact, it is likely that the supercurrent resulted from pinholes in the
interlayer film itself. Subsequently, supercurrent were observed in similar c-axis
PrBa,Cu,0,_s sandwich junctions as thick as 130 nm [1 59], with an exponential
dependence of J. on L for L>75 nm. In these devices, the scaling length Lo at 4,2 K
was inferred to be 15 nm, This large “coherence length” and the roughly linear
dependence of I.(T) cannot be reconciled with proximity effect theory, especially
considering the non-metallic nature of the interlayer. However, the data from these
devices are again qualitatively consistent with the effects of pinholes.

Barrier et a/. [1 60] demonstrated PrBa,Cu,0,_s sandwich junctions using films whose a-
saxes were normal to the substrate. In their devices, J. scaled exponentially with
interlayer thickness from 30 to 150 nmat 10 K with a scaling length on the order of 25
nm. Subsequently, Hashimoto et a/, [72] fabricated similar devices in which the
magnetic field dependence of I, approximated the ideal dependence expected from a
uniform interlayer. As mentioned in Section I, 1.(T) for these junctions was consistent
with the exponential dependence of Eqgn. (5), with L,, « 77'?, as expected from dirty-limit
proximity effect theory. The authors [72] inferred &, =30 nm from the data at 4.2 K.
However, the large apparent resistivity of the interlayer (24000 €Q — um) indicates a
much shorter coherence length under conventional proximity effect theory. The authors
estimated 1 nm, but of course the theory is invalid for such large, non-metallic values of
resistivity. The possibility of interface resistance was not considered in estimating the
bulk interlayer resistivity. If the device resistance were dominated by the interfaces and
the interlayer were metallic, a coherence length comparable to those listed for oxides in
Table 2 might be expected. Unfortunately, these deduced values of &, are siill
considerably smaller than those inferred from the 7.(1.) data. Thus, while the 1 (T) data
are suggestive of proximity effect behavior, the deduced length scale is inconsistent with
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theory. A critical current scaling length of 30-40 nm at 4.2 K has also been obtained in
a-axis junctions with Pry ¥, ,sBa,Cu Q. interlayers [161]. Although /.(T) data were not
discussed, the interlayer resistivity was claimed to exhibit behavior consistent with
variable range hopping rather than metallic conductivity. In such a case, proximity effect
theory would not be expected to apply. Since the interlayer resistivities in Refs. [72] and
[160] were even higher than those in Ref. [161], the successful application of proximity
effect theory to the former devices is even less likely.

PrBa,Cu,0,_s sandwich junctions with interlayers in the (103) orientation have also
been fabricated [162]. In these junctions, 7.(7) behaved anomalously below 65 K
[163]; it decreased with decreasing temperature. In contrast, the IR, product increased
with decreasing temperature, due to the exponential increase in junction resistance.
This behavior was attributed to the semiconducting nature of the interlayer. Similar

behavior has not, however, been reported in low-7. junctions having semiconductor
interlayers.

Co-planar bridge junctions (Fig. 9a) with HoBa,Cu,0,_, electrodes and PrBa,Cu,0,
interlayers behaved similarly to other types of PrBa,Cu,0, ; devices [1 64]. These
structures exhibited J. = 10 nA/um® at 4.2 K in devices with L as large as 100 nm.
Although such J_ values are not inconsistent with the sandwich junction results for ab-
plane transport, they are not reconcilable with conventional proximity effect theory given
the non-metallic behavior of the interlayer.

Several groups have fabricated edge junctions with PrBa,Cu,0, ;[63], [64], [70],[1 65]-
[168] or (Y, Pr)Ba,Cu,0,_, [1 69] interlayers. Recall that transport in edge junctions is
predominantly along the ah-planes, parallel to the substrate. The most extensive work
in this system has been done by Gao et a/. [166] -[168], In their devices, J (L) was
exponential at 4.2 K for 5<L<30 nm, yielding a scaling length LO =5-8 nm. However,
J, < (T.—T)* over a wide range below 7. regardless of 1., a dependence expected only
very near T.. The exponential-like temperature dependence predicted for long junctions
was not observed. Thus, despite the apparent exponential scaling of J (L) at low
temperatures, these devices are not described by conventional proximity effect theory.
The resistances of these devices [165]-[1 68] were also peculiar. The inferred
resistivities were in the range 4000-8000 Q — um, implying non-metallic interlayers. We
would therefore expect R, to increase with decreasing temperature. Instead, the
measured device resistances were relatively insensitive to temperature. This
inconsistency suggests that SN interface resistance is responsible for the large R, of
these PrBa,Cu,0, ; devices. Recall that a large interface resistance, coupled with the
short coherence length inherent in a PrBa,Cu,O, ; interlayer, implies an extremely small
wavefunction overlap in the N region, and 1ence a small /.. The large critical currents
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actually observed are therefore consistent with transport through pinholes rather than
proximity coupling across the interlayer.

We have already noted (see Fig. 13) that Barrier et a/. [64], [71 ] obtained J.(7T) curves
on PrBa,Cu,0,_; edge junctions that were qualitatively consistent with the exponential-
like dependence expected from conventional theory. This qualitative agreement
consists of J.(T) data that exhibit dramatic upward curvature which increases with
junction length. However, the scaling length of 9 nminferred from J.(L) data at 4.2 K
is quantitatively inconsistent with proximity effect theory given the high interlayer
resistivity of 300 £ - um.One possible explanation for this inconsistency is interlayer
inhomogeneity. The junctions could be SNS in nature but with supercurrent transport
dominated by interlayer regions significantly thinner than the expected thickness. It is
worth noting that a patchy interlayer is distinct from an interlayer with pinholes.

Nevertheless, a patchy interlayer is undesirable from the standpoint of making
reproducible, manufacturable devices.

Although numerous groups have fabricated working junctions with PrBa,Cu,0,
interlayers in a variety of geometries, we have seen that there is tremendous variation in
the basic properties of the devices. The temperature dependence of the critical current
can be linear, quadratic, or exponential. Occasionally, I.(T) has even been observed to
decrease with decreasing temperature. The junction resistance usually increases with
decreasing temperature. In some cases, however, it is relatively temperature-
insensitive. Consequently, the reported data are difficult to reconcile both qualitatively
with each other and quantitatively with proximity effect theory. Indeed, it is even difficult

to justify applying conventional theory to these high-resistivity (possibly non-metallic)
interlayer devices.

The non-metallic nature of typical PrBa,Cu,0,_sinterlayers has been explicitly
recognized [161],[162] in attempting to account for supercurrent that cannot be
explained by conventional proximity effect theory. In Section Ill, we briefly discussed
extensions of SNS theory to cover junctions in which transport through the interlayers is
the result of resonant tunneling processes [57]. It is natural to expect that such models
might be applied to at least some of the available results on PrBa,Cu,0,_; junctions.
Recall, however, that is difficult to theoretically justify the large observed values of the
scaling length L,. Indeed, the resonant tunneling theory does not necessarily explain
supercurrent in junctions whose interlayers are thicker than those encountered in
conventional proximity effect models. However, the theory may provide the basis for
understanding transport in some junctions with thin non-metallic interlayers, and such

junctions are of special interest because their inherently large R, is a desirable feature
in many applications [16].
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Experimental results on edge junctions with DyBa,Cu,0, . electrodes and
PrBa, Cu,_,Ga O,_; interlayers [1 70] appear to be consistent with resonant tunneling
transport, The addition of Ga to PrBa,Cu,Q ; significantly increases its resistivity.
Junctions made with x ranging from O to 0.4 exhibit good /. modulation in magnetic
fields applied parallel to the plane of the interlayer (normal to the page in Fig. 9c). The
critical current density followedEqn. (5 b), J. = J,, exp(=L/ L,)), with J_,=30mA/um* and
L,=4-5nm at 4.2 K, independent of x. (Note that the 4-5 nm value assumes that
transport is along the ab-planes in the 18-22° ramp structure. If the thickness of the
interlayer normal to the substrate is used, L, =2 nm.) It is remarkable that J, is
independent of x despite the orders of magnitude differences in resistivity for the
different interlayer compositions. Such behavior is not encountered in the (metallic)
proximity effect. In fact, the value of LO may be the scaling length a of the resonant
tunneling model discussed in Section IlI.

The resonant tunneling model [57] predicts the behavior of the current-voltage
characteristic in the normal state [171] as well as the superconducting one. For
example, the zero-bias conductance should vary exponentially with interlayer thickness
with the same characteristic decay length as the supercurrent. Such behavior has been
reported in PrBa,Cu,O, s edge junctions with YBa,Cu,0, ; electrodes [172]. The
observed temperature dependence of both the decay length and the normal
conductance were consistent with theory. In fact, the specific predictions of resonant
tunneling theory for the normal state conductance are useful in determining the
applicability of this particular model and in providing key parameter values. Both the
superconducting and normal state measurements discussed suggest that reproducible
junctions operating in a resonant tunneling regime have been produced. Moreover,
these junctions potentially reveal a promising direction for understanding and improving
high-T. devices. Note, however, that resonant tunneling is not a general explanation for
most other past results: it does not account for extraordinarily long decay lengths and
does not apply to metallic interlayers.

Oxide Metal Edge Junctions: Cuprates (Tcn>0)

In most experimental investigaitons of the proximity effect 7, , the transition temperature
in N, is zero, However, SN' S junctions, where N’ is a superconductor above its
transition temperature (~. > T>T,>0), are of present interest because substitutionally-
doped forms of the YBa,Cu,(} s electrode material can be used as interlayers. Small
dopant concentrations in YBa,Cu,0,_; can significantly lower the material’s transition
temperature with only small changes to its lattice constant, allowing it to function as an
interlayer that is well-matched to the electrodes.
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In his original theoretical investigations of the proximity effect, de Gennes allowed for
T, #0. Consequently, we can use Egn. (8) in conjunction with the general expressions
for £ presented in Section lIID when examining SN'S data. As usual, since de
Gennes’s theory is strictly applicable in the dirty limit only, we will proceed with the
caveat that our analysis is more suspect if there is a large deviation from this limit

(Y, Pr)Ba,Cu,O,_, exhibits a finite critical temperature for Y fractions exceeding 0.45
[1 73], and YBa,Cu,0,_s edge junctions have been fabricated with Pr, Y, ,Ba,Cu,0,_,
interlayers having 7,,=40 K [73]. These devices were analyzed using conventional
proximity effect theory: I (L) was fit to Eqn. (5a) at several temperatures and & (7) was
determined from the value of the exponent. This procedure resulted in an inferred & (T)
that increased from 10 to 15 nm between T, and 7,,. Although no generally-applicable
expression for & (T) was employed in the analysis, it was concluded that ¢,>>& >10
nm. The resistivity of the N’ layers was approximately 10 Q — gm, which is inconsistent
with such a long mean free path or coherence length. Kogan and Simonov [1 18]
responded to this work by recalling the existence of a general expression for &, valid for
arbitrary ¢, and 7, in 3d [1 17] and reported their derivation of a general 2d result as
well. However, they too were led to an unreasonably long mean free path when
analyzing the data.

The critical current of one of these Pr,Y,,Ba,Cu,0, , junctions with a 125 nm-thick
interlayer increased rapidly with decreasing temperature down to 48 K, close to the
expected value of T, [73]. Surprisingly, the rate of increase of 1.(7) was even MOre
rapid below this temperature. It is significant that almost all of the variation in the
inferred £ (T) occurred below T,,. Of course, proximity effect theory does not even
apply when the interlayer is in the superconducting state. Consequently, the behavior of

these Pr,,Y,(Ba,Cu,0,_, edge junctions could not be explained by conventional
proximity effect theory.

Char et al. have demonstrated SNS edge junctions with substituted- YBa,Cu,0,_;
interlayers [1 74]: Y;,Ca,,Ba,Cu,0, s and YBa,Cu,,,Co,,,0,_sinterlayers had low bulk
resistances and negligible SN interface resistance. Small interface resistances in
PrBa,Cu,0,_s SNS edge junctions had been reported previously [63], [64]. However, the
unusually low resistivity of the substituted- YBa,Cu,0,_; interlayers put an even lower
limit on the magnitude of the contact resistance. In principle, low interface resistance
improves the probability of observing proximity effect behavior because the critical
current is larger in the absence of boundary resistance, More importantly, unlike
PrBa,Cu,0,_s, substituted -YBa,Cu,0,_; is a metallic interlayer which increases the
chances that a straightforward application of the de Gennes proximity effect theory will
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be successful. However, Char and co-workers did not attempt such analysis in the
original investigations [74], [75], [174]. Indeed, there were only three values of L
reported for each interlayer material and there was no significant range of temperatures
for which measurable critical currents existed for all three L values. Therefore, the type
of analysis discussed above for Pr Y, Ba,Cu@ . junctions could not be performed and
& (T) could not be directly determined.

From Table 2, we find that the departures from the dirty limit are not large for the doped
cuprate interlayers of interest. It is therefore reasonable to assume that Eqn. (8), using
an appropriate general formula for £, will adequately describe I.(T; L). (Recall that the
general formula for &, is given by Eqgn. (30) using Eqgn. (31) to express &, and Eqgn. (33)
to express &,.) Using the available device parameters [74], [75], we were thus able to
calculate [20], rather than merely fit, 1.(T; L) for the substituted-YBa,Cu,0,_, interlayer
devices, In these calculations, Egn. (8) was employed with T.=88 K,7, =50 K, and
2A(0) / kT, =3.53. (Deviations from BCS theory for the gap value only affect the constant
prefactor in Eqgn. (8), and then only by a factor of order unity.) The reported resistances
and device dimensions were used to calculate p,, which, in turn, yields ¢,. The normal
coherence length, <n(T), was obtained as described in connection with Fig. 31. Data for
Y;,Cay,Ba,Cu,0,_s junctions [75] are compared with the calculated results in Fig. 38.
The agreement is impressive and reflects two important qualitative features: The
exponential-like increase of I. with decreasing temperature and the downward shift in
the temperature at which I, becomes measurable. Figure 39 shows a similar
comparison for YBa,Cu,.,Co,,,0,_s junctions [74]. The agreement is not nearly as good
as in the previous case, but the qualitative trend of the data is exhibited. We note the
absence of arbitrary fitting parameters in both Figs. 38 and 39 and the fact that the fits
can be improved by adjusting the values of the physical parameters.

These results, which show the strongest agreement between conventional theory and
experiment obtained to date, strongly suggest conventional proximity effect behavior.
We note that /7.(7T;L) was calculated under the simplifying assumption of rigid boundary
conditions. Re-examination of the published data [74] for I_(T) near 7, showed that this
is a reasonable assumption [175] for the YBa,Cu,,,Co,, 0, s-interlayer devices.
However, it was not clear from the original data that this was true in the case of the
Y;,Ca, Ba,Cu,0, s-interlayer devices. Indeed, we would expect non-rigid boundary
conditions for well-matched electrode and interlayer materials. As we have emphasized
throughout this paper, however, the boundary conditions are of secondary importance
because the exponential factor in Egn. (8) dominates the behavior of /.(T;L) so
completely, Consequently, it is not surprising that calculations carried out under a
variety of assumed boundary conditions show similar satisfactory agreement with
experiment. The important result of our analysis [20] is that the agreement between the
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calculated and measured /.(T; L) is as good as any achieved with low- 7, devices and
represents strong evidence that the Y,,Ca,,Ba,Cu,0, s-interlayer devices are correctly
described by conventional proximity effect theory.

Following the publication of our analysis [20], attempts were made to apply conventional
proximity effect theory to other YBa,Cu,_,Co,0, ; [176],[177] and Y,Ca,_,Ba,Cu,0,_; [178]
edge junction data. For example, I, data were fit to conventional dirty limit theory for
junctions with interlayers having several Co concentrations [176]. In YBa,Cu,_,Co,0,_,
devices, values for &, of 49 nm (y=0.1), 12.6 nm(y=0.2), and 4.3 nm (y=0.3) resulted
from fitting 1.(L) at 60 K for L<55 nm. By fitting I.(7T) for fixed L, values of 16.4 nm
(y=0.2, L=55 nm) and 5.7 nm(y=0.3, L=30 nm) were obtained. The decrease in ¢,
with increasing Co concentration is expected, however the extremely long fitted
coherence lengths are inconsistent with conventional theory, particularly considering the
relatively large measured interlayer resistivities, which exceeded 10 €2 — um. This
problem is equivalent to that of the disagreement between experiment and theory
evident in Fig. 39. Recall that the theoretical curves in Fig. 39 result from a
straightforward calculation from conventional proximity effect theory. The data can

instead be fit to theory using longer coherence lengths, however it is difficult to justify
the parameter values required.

The I, data from Co-substituted junctions show less temperature dependence than
theory predicts because of the relatively short & calculated from material parameters.
(Recall from Fig. 22 that I.(T) is steeper for smaller £ (7.).) It has been speculated by
Antognazza and co-workers that magnetic pair breaking affects the coherence length in
YBa, Cu,_,Co,0,_s; [1 77]. The practical effect of such pair breaking is to shorten the
coherence length further, replacing the factor Tin Eqn. (7), the usual expression for &,
with Ti- T, where T, is the lifetime associated with magnetic scattering [28]. Adding the
magnetic pair-breaking effects does, however, reduce the temperature dependence of
£, and hence I.. As a result, this procedure can provide a superficially better fit to the
data if an anomalously large value of D, is used to re-lengthen & (7.). Such a model is
ad hoc, however, and was applied only to the YBa,Cu,_,Co O,_ s-interlayer devices with

the largest Co concentration (the proposed model contained no magnetic scattering for
lower Co concentrations) [177].

Other problems occur in this analysis [177]. The critical current was calculated using an
expression similar to, but not identical with, Eqn. (8), Soft boundary conditions were
assumed. Inexplicably, the temperature dependence of the prefactor in their expression
was (7, — T)* over the entire temperature range. As we saw in Section lll, the correct
form is AX(T)(T.— T); the simple quadratic form is an acceptable approximation only
within 10% of 7., where A(T) «./T.—T. Moreover, all calculations were carried out
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using the extreme clean or dirty limits for &, rather than the general form associated with
Eqgn. (30).. For the clean limit, the approximate form of £, given in Eqn. (33) was used
in place of the exact formula. Consequently, the calculated results are valid only at
temperatures near T,, Where A(T) is not proportional to 7.-7. Finally, it was
unpersuasively argued that the clean limit applied to YBa,Cu, ,Co,0, ; junctions with
y=0.12 and 0.21 whereas the dirty limit applied to the y=0.42 sample. For the clean
limit to be valid, the condition & ,>> & , or D,>>hv? /(27kT), must hold. Using v, = 10°
m/s this implies that D, >>2x 10°m®/sfor T=60 K. Now, using p,=1Q — um and
2 =3x 1028 eV'm™, we see from Eqn. (38) that D,=2x10°m’/s for pure
YBa,Cu,0, ;. It is not reasonable to postulate much Jarger values for the diffusion
constant in substituted- YBa,Cu,0,_,, as required by the clean limit criterion. As a result,
the analysis of Antognazza et al. IS not internally consistent. Moreover, while the

magnetic pair breaking hypothesis is intriguing, it is unsupported by the experimental
data.

Attempts were also made by Antognazza and co-workers [178] to analyze the same
}3.7(3“0.33“2(:“307_s-interlayeredge junction data shown in Fig. 38. The analysis
assumes soft boundary conditions and the extreme clean limit. Again, the calculations
contain the same inconsistencies just discussed, The (T.- T)?prefactor is only valid
within 10°/0 of T.. The approximate form for £, is only valid near T,,, the opposite end of
the temperature range. Finally, the clean limit requires D,>> av? /(27kT). Thus, a value

of v,=2x 105 nVs implies an unreasonably large diffusion constant, D, >>8x 10-4 m’/s
at T=60 K.

These authors also propose a “percolation model” as an alternative explanation of the
Y,,Ca,,Ba,Cu,0,_; junction data [178]. The interlayer is assumed to consist of many
‘(grains,” each having a different 7.. When one or more of these grains form a
continuous superconducting path through the interlayer, an additional supercurrent can
flow. A particular ad hocC distribution of transition temperatures must thus be assigned
to the grains in order to explain the nonlinear I (T). It was stated [178] that the grain
size was approximately 20 nm, implying that the grains are as thick as some of the
interlayers. It was left unexplained how grains many coherence lengths in size act as
Josephson weak links. An appropriate test of this percolation model would be careful
studies of 1.(B;T). These measurements would presumably demonstrate the dramatic
temperature dependence of the macroscopic spatial distribution of J, that is an integral
part of the model. Of course, superconducting shorts through the interlayer are
precisely what is meant by “pinholes,” which were already invoked to explain the quasi-
linear temperature dependence in many nominally SNS junctions [15], (Obviously, such
pinholes are presumably much smaller than 20 nm.) It is ironic that these authors, who
have consistently promoted a proximity effect interpretation of their earlier results
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[66], [67],[1 14],[1 74] which are more easily explained by interlayer shorts, are advancing
a pinhole model for Y;,Ca,,Ba,Cu,0, 5 devices, where conventional proximity effect
theory readily accounts for the available data,

Summary

It is clear from this discussion that at present there is no compelling evidence for
conventional proximity effect behavior in high-7, SNS junctions whose interlayers have
T7,=0. In the case of the ruthenate edge junctions, the evidence for pinholes
(supercurrent paths through the interlayer) is overwhelming: The pinholes have been
observed directly. The behavior of other types of devices is more intriguing. Noble
metal step-edge bridges also fail to exhibit conventional proximity effect behavior, but
there is no clear evidence for transport via paths other than the normal metal bridge
itself, Of course it is possible that thin, possibly filamentary, superconducting shorts
couple the two electrodes. Indeed, such paths are expected for superconducting films
deposited at pressures high enough to allow considerable scattering of the deposited
species en route to the substrate. However, control experiments designed to reveal
unintended shorts connecting the step-edge electrodes have failed to produce evidence
for their existence. Cuprate interlayers with T =0, such as PrBa,Cu,0,_s, exhibit a
range of transport behavior depending on deposition conditions. These interlayers can
be non-metallic and therefore devices made with them cannot be described by
conventional proximity effect theory. However, other PrBa,Cu,O, ; films appear to be
metallic and yield devices with exponential-like I (7 ) behavior, although the inferred
coherence lengths are unreasonably long. There is a great need for more definitive
experimental data on high-~, devices with each of these normal interlayer materials.

Results on devices whose interlayers have T, # O provide the best available evidence to
date for conventional proximity effect behavior in high-~ junctions. In the case of
YBa,Cu,_ Co,0, s interlayers, junction behavior is qualitatively consistent with
expectations', although the coherence length required to fit the data tends to be longer
than material parameters justify. In the case of Y ,Ca,  Ba,Cu,0, ;interlayers, a
reasonable quantitative agreement with theoretical predictions has been demonstrated,
This evidence for proximity effect behavior is encouraging enough to motivate careful
and consistent attempts to analyze high-~. SNS junction data using conventional theory
as a starting point.

Vi. SUMMARY

Two basic themes emerge from a careful examination of the available high-< junction
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critical current data. First, most high-7, junctions behave very similarly, exhibiting a
quasi-linear dependence of I, on temperature regardless of constituent materials,
fabrication techniques, and device geometry. Second, these data cannot be reconciled
with the well-established and well-tested conventional proximity effect theory.

Data from some SN' S devices, in which the interlayer N' is a substituted form of the
electrode material, provide significant exceptions to these observations. Ca-and Co-
substituted edge junctions differ markedly from other high-7. SNS devices in that
I.(T;L) data obtained from them show the exponential dependence predicted by
conventional proximity effect theory. Although their SNS nature cannot be considered
absolutely established at the present time, these SN' S junctions provide a clear
indication that basic proximity effect ideas can be effectively applied to high- 7, devices.
Thus, an understanding of conventional device behavior should expedite the
development of a robust high-T. junction fabrication technology.

A. Experimental Consequences of Conventional Theory

Key Experimental Tests

There is no a priori reason to believe that high-7. SNS junctions are well-described by
conventional proximity effect theory. Nevertheless, an appreciation of the primary
signatures of conventional theory is essential if a useful connection is to be made
between present electrical measurements and future progress in device processing.
We therefore review the general features of conventional proximity effect theory.

The proximity effect in an SNS junction is manifested by the spatial overlap of the
decaying wavefunctions of the superconducting electrodes. In other words, Cooper
pairs “leak’ into the normal interlayer. The wavefunctions decay exponentially in long
junctions over a distance &,, the normal coherence length. The critical current of the
device directly reflects the degree of wavefunction overlap. Therefore, in any long SNS
device, the critical current must depend exponentially on electrode separation L and
temperature Tin a manner consistent with the temperature dependence of &, . It is
therefore important in the initial stages of device development to fabricate and analyze
long junctions (L>>¢&). Although such junctions may be impractical for most
applications because of their small 7R, products, they provide the clearest signatures of
the proximity effect. Having established that the devices are truly SNS in nature, it is

then possible to optimize the processing and fabricate shorter devices for actual
applications.

As we have repeatedly discussed, three key features of the proximity effect in long
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SNS devices are:

(1) A dramatic, exponential-like increase of I, with decreasing T over a broad
temperature range below 7,. Moreover, this temperature dependence should become
steeper as junction length L increases. This behavior provides an obvious qualitative
indication of indication of proximity effect behavior that is not typical of other types of
junctions. Indeed, a quasi-linear temperature dependence in a long SNS junction is a
strong indication that the device is SNS in name only. Because /(T) can be studied in

a single junction, these data should be critically examined before more exhaustive and
guantitative studies of 1.(T; L) are undertaken.

(2) An exponential dependence of I,on L. Establishing this dependence requires
data from many junctions. The common practice of fitting a few points to an exponential
dependence at a single temperature is inadequate. Ideally, I.(L) should be fit at several
temperatures. The scatter in I, data for a single value of L is significant; a large scatter
is an indication of inhomogeneous interlayers and poor fabrication control.

(3) A guantitative agreement between calculated and experimentally-obtained
exponential decay lengths. Ideally this quantitative comparison of experiment and
theory is performed over a wide range of temperatures. For 7> 0.37;, the decay length
Lo, obtained from either I.(T)or I.(L), is the normal coherence length &, and is thus
easily calculated from fundamental interlayer parameters. At temperatures below 0.3 T,
the decay length is related to &,(7.), but L,#¢& . (This latter point is important because
most attempts to determine &, from I.(L) have been done at 4.2 K.) Of course, only
the general expression for £ (T) given by Eqns. (27)-(30), should be used in the

calculations unless it is known a priori that a device is in the extreme clean or dirty
limits.

These general litmus tests for conventional proximity effect behavior follow directly from
the basic notion that the Cooper pairs in the superconducting electrodes “leak” into the
normal interlayer. These three key features will hold for the clean, dirty, or intermediate
regimes, for isotropic or anisotropic materials, for one-, two-, or three-dimensional
device structures, and will be independent of the symmetry of the superconducting order
parameter in the electrodes. Establishing these features provides strong evidence for
the conventional proximity effect in a device, Conversely, failure to establish them, as in

devices with length-independent quasi-linear I.(T),provides strong evidence against
such behavior.
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Secondary Experimental Issues

In addition tothethree central aspects of proximity effect behavior, other features of
typical data areless useful ininitial device characterization. Forexample, the behavior
of I.(T) near T, is a much overused secondary feature. Such data reflect the prefactor
in Egn. (5). However, as discussed in Section lll, it is difficult to acquire reliable data
near 7T, and interpret it. The power-law dependence of 1 (T) is sensitive to the choice of
T., which is seldom known with sufficient accuracy. In addition, even under the
assumption of s-wave symmetry of the superconducting wavefunctions, there are
multiple conventional explanations for any particular power-law dependence. Finally,
the prefactor in Egn. (5) is sensitive to the many complicating issues discussed above
that do not influence the basic exponential dependence associated with the proximity
effect. As a result, near-T, data is of limited value and should used only after a device
is known to be proximity-coupled from the more general signatures.

The quality of the SN interfaces in a device is an important fabrication issue that can be
addressed by more detailed experiments focusing on the prefactor in Egn. (5). The
major interface-related concerns are contact homogeneity and transparency. Although
magnetic field modulation of the critical current can be used to probe interface
homogeneity, other data such as device resistance must also be examined. The
dependence of R, 4 on device length is often used to determine whether the bulk
resistance of the interlayer or the contact resistance of the interface dominates the
junction. If the contact resistance dominates, the SN interfaces are almost certainly
inhomogeneous, otherwise the magnitude of the critical current would be impractically
small, (Of course, the shape of the normalized I (T) data would still be exponential-like
even if the interfaces were inhomogeneous with a low transparency.) Nevertheless,
performing such experiments is premature until the validity of Egn. (5) and the
conventional proximity effect are first established. In other words, we should

understand transport across the bulk of the interlayer before examining transport across
its interfaces.

B. Interpretation of Existing Results

In the previous section, we summarized the I.(75 L) behavior expected if a particular
device were indeed proximity-coupled. Here, we review the implications of the actual
data reported on nominally SNS devices.

It should now be obvious that the nominally SNS high-T. junctions discussed in the
literature do not conform to conventional proximity effect theory. This fact is most
clearly reflected in the unexpected quasi-linear, rather than exponential-like, I (T) data.
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Only if L/ £,(T.) is always approximately 4, indicating a relatively short junction, does
conventional proximity effect theory predict a quasi-linear I.(7T). It is possible to fit
quasi-linear data with conventional tunneling or point contact theories by assuming that
the superconducting gap of a high-7, material has a magnitude or symmetry different
from that associated with standard BCS theory. These theories, or one based on

resonant tunneling, may be applicable to grain’ boundary junctions. However, they are
not expected to apply to long SNS devices with metallic interlayers.

In fact, the similarity of the I.(T) data from nominally SIS and SNS high-~ edge
junctions (SN' S junctions excepted) to that from grain boundary junctions leads to an
important conclusion: The behavior of SNS edge junctions reported in the literature
is dominated by pinholes through the N interlayers. There is further supporting
evidence for this claim. As discussed in Section V, the experimentally-measured length
dependence of the critical current cannot be reconciled with theory. In devices with
short normal coherence lengths, a large SN interface resistance precludes a significant
critical current; yet 7, is readily observed. Finally, transmission electron microscopy has
revealed physical evidence of pinholes in edge junctions. Taken together, these

observations clearly indicate that the only potential proximity-coupled high-7, devices
demonstrated to date are of the SN' S variety.

By making the interlayers thick enough, it is possible to fill in the pinholes. The result,
however, is an inhomogeneous interlayer with large thickness variations. The critical
current in an SNS device with such an interlayer would be dominated by the thinnest
regions in N. This may account for exponential-like 7 (7T) behavior in a few reported
devices with interlayers that are evidently thinner than intended. Thus, if an interlayer is
grown with pinholes, I.(T) is quasi-linear, as in a grain boundary junction. However, if
the interlayer is continuous but extremely in homogeneous, /. (7) can be exponential-like
but with the actual L smaller than intended. (Note that this interpretation differs from
the common assertion of a normal coherence length which is longer than that expected

from theory.) With this pinhole model, there is a continuum of 7.(T) behavior from
guasi-linear to exponential-like.

It is emphasized that pinholes through the bulk interlayer should not be confused with
pinholes through a low-transparency SN interface. We saw in Section Ill that the
transparency of the SN interfaces primarily affects the magnitude of the critical current
rather than its temperature or length dependence, Indeed, pinholes through a low-
transparency barrier are useful because they allow better coupling between the normal
and superconducting regions. It is the pinholes through the bulk N interlayer that

influence the shape of I(T;L). This is the primary reason for our emphasis on
normalized critical current data.

Delin/Kleinsasser July 18, 1995 Page 71




Because of their different geometry, noble metal step-edge SNS junctions are not
straightforwardly described by a pinhole model. Nevertheless, there is strong evidence
that their behavior is not governed by the conventional proximity effect. As with the
grain boundary and edge devices (both nominally S1S and nominally SNS), these
junctions demonstrate quasi-linear 7(T) behavior. Moreover, the /(L) data is
inconsistent with conventional theory. Again, it is the failure of multiple key tests that
indicates that the step-edge junctions are not proximity-coupled. An appropriate
explanation for the behavior of noble metal step-edge junctions remains elusive.

Finally we note that SN' S edge junctions are interesting because they follow the trends
expected from conventional proximity effect theory. It is evident from quantitative
analysis of I.(T;L) data that uniform, homogeneous interlayers of substituted-
YBa,Cu,0,_; can be grown between YBa,Cu,0, ; electrodes. In addition, the low values
of R, A indicate highly transparent SN interfaces. The SN' S results suggest that lattice
and thermal-expansion matching between the § and N layers in a high-~ device are of
crucial importance. Thus, although Ca-and Co-substituted- YBa,Cu,O,_sinterlayers are
too conductive to provide practical device impedances, a matched, but more resistive,
N material such as PrBa,Cu,0,_s may be worthy of further study.

C. Conclusions

The qualitative and partial quantitative agreement between conventional proximity effect
theory and measurements on SN' S edge devices supports the primary premise of this
paper: It is appropriate to apply conventional theory to high-~ SNS junctions. Major
deviations from theoretical predictions most likely indicate materials and fabrication
issues with rather than exotic physics associated with the high- 7, nature of the device.

Because the major predictions of proximity effect theory are tied to the normal
coherence length &,(T), most of our analysis has focused on this quantity and its
influence on device properties. Unfortunately, there have been few experimental
studies in which &,(T) is obtained from I (L) at several temperatures and carefully
compared to theory. Most attempts to determine & (7) have been carried at 4.2 K. At
this low reduced temperature, the length L,, obtained from exponential fits I (L) is not
& .In typical experiments, only a few data points for a few L values are obtained.
Since the typical electrode separation is imperfectly known (due, for example, to
inhomogeneities in the deposited film thickness), the critical current can vary widely for
each L. As a result, many experimental values of £ (T) should be viewed somewhat
skeptically. There is a clear need for more definitive experimental work in this area. In
particular, it is important to establish the consistency of inferred values of & (T),

Delin/Kleinsasser July 18, 1995 Page 72




obtained from both /.(T) and 7 .(L) data, with theory,

Of course, conventional proximity-coupled junctions are not the only devices worthy of
attention. For example, conventional proximity effect theory is not expected to apply if
the N interlayer is not metallic. New models, such as those based on resonant
tunneling, need to be further developed to describe such devices. It might even be
easier to test such models with low-7. junctions because fabrication is better controlled
and understood. In the end, such unconventional devices may be a more appropriate
choice for building a high-7, circuit technology.
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Table 1

Effect of Boundary Conditions on Proximity-Coupled Device

Properties
soft (SNS) Rigid (SNS) Barrier (SINIS)
3oundary y>>1 y<<1 7,>>1
Yarameter (in practice)
Jrder A <A A=A, A=A,
Jarameter
[o<(T.-T) |a=2 o =1 0l=1
‘near T.)
J, 2T, M- 1) #A A 1 A
(near T.) 7’y 2ekT.p,E,,(T) 2ekT.p,& (T.) Vs 2¢kT.p,8,,(T,)
J. low optimal low
(tunneling required)”
R, p.LlA p, L1 A (pl.+2r)/ 2
I.R, low optimal low
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Representative Interlayer Parameters

Table 2

TMaterial Inn v, T |T |p. l, E. L&, | &

(m,) | (m™) (mls) (K) | (K) | (@-pum) | (im) | (im)| (rim) | (rim)
Noble Metals

“u ! 842X 10" | 157X106 | o 77 100066 * [100% [25 |29 |19
42 | 0.0066* | 100 | 450 | 120 | 120

u l 597x10° | 140 X106 | o 77 1 00083* | 100" | 22 | 2/ 17
4.2 | 0.0083* 100* | 400 [ 120 | 110

18 ! 585X10° | 1.39X10° | o |77 |00084* [100* | 22 |27 [ 17
42 | 00084 * | 100* | 400 | 120 | 110

Ruthenates (cubic oxides)

CaRuO, 40 [ 176Xx10° | 233X10° 0 77 33 0.62 3.7 10881085
42 |21 098 |67 |47 |47

SrRu0O, 36 | 1.72x10*® | 257x10° | o 77 13 15 41 |14 [ 13

42 | 0.56 34 74 92 |91

Cuprates (anisotropic oxides)

YBa, Cu,0, _; 5.0 [ 5.0X1027 140 X105 90 |77 |0.77 6.4
YBa,Cu,1,Coy20,5| 5.0 | 37X1027 | 1.21x10° |50 |77 |33 17 19 113 |23
Y,,Cay, Ba,Cu,0,, | 5.0 | 50x107 | 1.40X105 |50 | 77 | 0.67 T4 |22 |29 |34

* Determined under the assumption that £, is given by the film thickness ot 1 00 nm.
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FIGURE CAPTIONS

Figure 1. Theoretical temperature dependencesof /. normalized to /.(0) (its value at
T = 0O) for (a) tunnel junction [23], (b) dirty point contact [25], and (c) clean point contact
[26], with 2A(0)/ kT, = 3.53, For the three cases, eR 1 (0)/A(0)=n/2,0.66r, and 7,
respectively. The straight line (d) is 7,/ 1.(0) =1 --T/~

Figure 2, Theoretical I./1,(0) versus T/~. (a) Tunnel junction with 2A(0)/7, = 1.0.
(b) Tunnel junction with 2A(0)/kT, = 1.2. (c) Dirty point contact with 2A(0)/kT, = 1.5. (d)
Clean point contact with 2A(0)/kT, = 2.6. Curves (a) - (c) are offset in the vertical
direction for clarity,

Figure 3. Schematic diagrams of typical device geometries. S1 and S2 are the
superconducting electrodes. (a) Grain boundary junction. (b) Step-edge grain
boundary junction. Two grain boundaries form in series in a film grown over a step
etched into a substrate. Ideally, one junction has a much smaller critical current than
the other and dominates the electrical behavior. (c) Tunnel junction (sandwich
geometry),

Figure 4. 1., normalized to its extrapolated zero-temperature value I.(0), VErsus
reduced temperature T/T, for three representative grain boundary junctions. (a)
Natural grain boundary in YBa,Cu,0,_; film [39]. (b) YBa,Cu,O,_;bicrystal [31]. (c)
YBa, Cu,0,_; bicrystal [40]. The solid curves are I, /1=(0)= 1- T/ 7.. The dotted curves

are provided as guides to the eye. Curves (a) and (b) are offset in the vertical direction
for clarity,

Figure 5.1 /1.(0) versus T/~ for two bi-epitaxial YBa,Cu,0, s grain boundary junctions
[35]. The solid curves are I1./1.(0)=1- T/ T.. The dotted curves are provided as guides
to the eye. Curve (a) is offset in the vertical direction for clarity.

Figure 6. I1./1.(0) versus T/ T, for two representative YBa,Cu,0, s step junctions. (a)

[37] (b) [38]. The solid lines are I./1.(0)=1- 1/ T.. Curve (a) is offset in the vertical
direction for clarity.

Figure 7. 1,/1,(0) versus T/~ for three representative YBa,Cu,0, 5-SrTiO;-YBa,Cu,0, ;
edge junctions [45]. (a) Unannealed junction; J (0)= 76 uA/um’. (b) oxygen plasma-
treated junction; J.(0) = 400 uA/um’. (c) annealed junction; J,(O)= 600 uA/um’. The
solid lines are 1./1.(0)=1-T/T.. The dotted curves are: provided as guides to the eye.
Curves (a) and (b) are offset in the vertical direction for clarity.
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Figure 8. I./1.(0) versus T/~ for c-axis transport in (a) (Pb,Bi),Sr,CaCu,O, [49] and
(b) T,,Ba,Ca,Cu,0,, [48] single crystals. The curves are the Ambegaokar-Baratoff

dependence, assuming the standard BCS energy gap, 2A(0)= 3.53k7, Curve (a) is
offset in the vertical direction for clarity.

Figure 9. Schematic diagrams of typical SNS device geometries. S1 and S2 are the
two superconducting electrodes. (a) Co-planar bridge. (b) Sandwich junction. (c) Edge
(or ramp) junction. (d) Step-edge microbridge, in which S1 and S2 are formed from a
single superconducting film deposited at an angle to a step in the substrate so as to
result in a break. The supercurrent is dominated by the contacts to the a-b planes of S1
and S2, which lie parallel to the substrate plane.

Figure 10. I./1.(0) versus T/T, for a two co-planar bridges. (a) YBa,Cu,O,_s-Au -
YBa,Cu,0,_s [51]. (b) HoBa,Cu,0,_ -La sBa, sCus01_ - }1oBa,Cu,0,_ [53]. The solid lines
are I./1(0)=1-T/T,. The dotted curves are provided as guides to the eye. Curve (a)
is offset in the vertical direction for clarity.

Figure 11. 1./1.(0) versus T/T, for several SNS edge junctions with oxide (doped
SrTiO, and cuprate) interlayers. (a) Nb-doped SrTiO,,L=2.5nm [65]. (b)
PrBa,Cu,0, 5, L =20 nm [63]. (c) PrBa,Cu,0, 5, L=8nm [63]. (d) Non-
superconducting YBa,Cu,0, 5, L=5 nm [59]. The solid lines are /./1.(0)=1-T7/T,.
The dotted curves are provided as guides to the eye. Curves (a) - (c) are offset in the
vertical direction for clarity.

Figure 12, 1./1.(0) versus T/T, for several SNS edge junctions with cubic oxide
interlayers. (a) CaRuO,, L= 10 nm [69]. (b) SrRuO,, L =20 nm [67], (c) and (d)
SrRuQ,, L =30 nm [68]. The solid lines are I./1.(0)=1- T/ T, The dotted curves are

provided as guides to the eye. Curves (a) - (c) are offset in the vertical direction for
clarity.

Figure 13.1 /1.(0) versus T/T, for PrBa,Cu,0,_ ; SNS edge junctions [71] with (a)
L=10 and (b) L=20 nm. The solid curves are provided as guides to the eye. Curve
(a) is offset in the vertical direction for clarity.

Figure 14. I_/1.(0) versus T/~ for three edge microbridges in which the interlayer is
deposited onto a discontinuous film which comprises both base and counterelectrodes.
(@) Ag [78]. (b) Ag / Au alloy [78]. (c) Au[51], The solid lines are 1./1.(0)=1-T/T..
The dotted curves are provided as guides to the eye. Curves (a) and (b) are offset in
the vertical direction for clarity.
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Figure 15. 1./1.(0) versus T/~. for three Auedge microbridges. (a) High I.R, sample
[79]. (b) Low I.R, sample with parasitic shunt conductance [80]. (c) Same sample after
etching to remove shunt path [80]. The solid lines are 1,/1.(0)=1- T/ T.. The dotted

curves are provided as guides to the eye. Curves (a) and (b) are offset in the vertical
direction for clarity.

Figure 16. I./1.(0) versus T/T, for three Auedge microbridges [81]: (a) Low I R,
sample with parasitic shunt conductance, (b) and (c) high I.R, samples. The solid lines
are I./1.(0)=1-T/T,. The dotted curves are provided as guides to the eye. Curves (a)
and (b) are offset in the vertical direction for clarity.

Figure 17. 1./1.(0) versus T/T, for a CaRuO, edge microbridge [82]. The solid line is
I./1.(0)=1-T/T.. The dotted curve is provided to guide to the eye.

Figure 18. I./1.(0) versus T/T, for several junctions whose behavior can be termed
“‘quasi-exponential.” (a) Ag step edge microbridge [79]. (b) Co-planar Au bridge [83].
() YBa,CoCu,O, edge junction [84]. (d) Bi,Sr,CaCu,O4- Bi,Sr,CuO, - Bi,Sr, CaCu,Oy
sandwich junction [85]. (e) Hg,Ba,Ca,Cu,0,, grain boundary junction [86]. The solid

curves are 1./1.(0)= (1 - T/T,)*°. Curves (a) - (d) are offset in the vertical direction for
clarity.

Figure 19. Dependence of §,=A, / A_ on the interface parameter y = (V,p,/N,p,)"* for
(a) T=09T, (b) T=0.5T,, and (c) T=0.17.. The dashed curves represent the
approximations &8,= (1 —~2&,/b)"* (for y<<l) and 8,=b/V2&, (for y>>1),
respectively.

Figure 20. Dependence of «, in the relationship I. (T, — T)*on the interface
parameter y = (NV,p,/ N,p,)""*, obtained from the behavior of & in Eqn. (13), in the
region 0.001<1 — T/T.<0.01. For rigid boundary conditions, o =1, for soft, a =2.

Figure 21. Dependence of normalized I .R, on reduced temperature for L/¢ ,(T.) =0, 2,
3,4,5, 6,8, 10, and 12 (solid curves) for Likharev’'s theory of SNS junctions in the dirty

limit under rigid boundary conditions [104]. The dashed curves are de Gennes(s
predictions, Eqn. (8) [88].

Figure 22. Dependence of normalized I, on reduced temperature for L/ &, ,(7.) =0, 1,
2,3,4,5, 6,8, 10, and 12 (top to bottom) for Likharev’'s theory of SNS junctions in the

dirty limit under rigid boundary conditions [1 04]. The dashed line is the linear
dependence 1./1.(0)=1-T/T,.
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Figure 23. Dependence on reduced temperature of the decay length L, in the
expression J, = J_exp(-L/LO), normalized to & (7). (a) Likharev’'s theory [1 04], for
S5<L/E, ()< 12. (b) de Gennes's theory: Lo= ¢ (7).

Figure 24. Dependence on reduced temperature of the prefactor J, in
J.=Jexp(-L/ L(,) normalized to its value at T = O, J,,(0)=0.704_(0)/(ep,&,, (T.)).(a)
Likharev’s theory [1 04], for5SL/~~~(~)<12, (b) de Gennes'’s theory.

Figure 25. Dependence of 47kTC/A_ on the interface parameter vy, =r./p,& ,(T.) in the
limit T— 7, [96]. The approximations 1 -y, and 1/y,, appropriate for y,<<1and y,>>1
respectively, are also shown.

Figure 26. Dependence of &, on £,, with both quantities normalized by &, for 3d
metals with 7, =0. Curve (a) is the exact result, Egn. (29). Curve (b) is the
approximation given in Egn. (30), Curves (c) and (d) represent the asymptotic clean

and dirty limits, respectively, both of which represent upper bounds for &, .

Figure 27, Dependence of normalized IR, on reduced temperature for L/ ¢ ,(7.)=0,1,
2, 3,4, 6,8, and 10 (top to bottom) for SNS junctions in the clean limit under rigid
boundary conditions [1 16].

Figure 28, Dependence of normalized I. on reduced temperature for L/¢& (T.)=0, 1,
2,3, 4,6, 8, and 10 (top to bottom) for SNS junctions in the clean limit under rigid
boundary conditions [1 16]. The dashed line is the linear dependence 1./1.(0)=1-T/T..

Figure 29. Dependence of normalized I, on reduced temperature for a Pb— Cu— Pb
microbridge [125]. The inset shows the temperature dependence of IR on a
logarithmic scale, The solid lines were obtained from Likharev’'s theory [1 04] using
L/ (T)=8.

Figure 30. [I./1.(0) versus T/T for a Nb microbridge [1 33]. The solid line is
1./1.(0)=1-T/T. The dashed curve is the theoretical prediction for an ideal clean
point contact, Egn. (4).

Figure 31. Calculated ¢ (T)for p, values of (a) 1, (b) 3, and (c) 10 Q -pm with T, =50
K (upper curves), The temperature and resistivity ranges were chosen to span those of

interest for substituted- YBa,Cu,0, ; interlayer devices. For comparison, the lower
curves (primed labels) show & (T) for T, =0.

Figure 32. Dependence of & on ¢, with both quantities normalized by ¢ , for 3d
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metals with T, =0. Curve (a) is the exact result, Eqn. (29). Curve (b) is the

approximation given in Eqn. (40), which works well for £,>¢& .. Curve (c) represents the
dirty limit, Egn. (7).

Figure 33. Dependence of /R on L at 4.2 K [151] and fits to the dependence
IR <1 =1 exp(-L/L). (a) Ag bridges (/,R, =0.112 mV,L,=44.1nm). (b) Ag / Au
bridges (I,R,=3.72 mV, L,=18.3 inn).

Figure 34. I./1(0) versus T, for four Auedge microbridges [150] with fixed
YBa,Cu,0,_; film thickness of 80 nm and varying step height &,,,. (a) 4,,,= 80 nm, I (0)
=560 pA. (b) d4,,=110 nm, I (0)=180 pA. (C) d,,, =110 nm, 1 (0)=120 puA. (d)
d,., =140 nm, 1.(0)=98 pA. The solid curves are I, /1,(0)=1 - T/T.. The dotted

curves are provided as guides to the eye. Curves (a) - (c) are offset in the vertical
direction for clarity.

Figure 35. 1./1.(0) versus T/T, for the CaRuO, edge junction of Fig. 12a along with the
predictions of Likharev's theory for (a) L/ &,(T.)=4 (the best fit) and (b) L /& (T.)= 12
(the expected value). The solid line is I./1(0)=1-T/T.

Figure 36. J (L) for CaRuO, edge junctions at 4,2 K [66]. Line (a) is J.(L) calculated
from J.=J,exp(-L/L,) with J_(0) = 0.70A_(0)/(ep,&,,(T.)) =3.6 A/um*> and
L,=3.18¢ (T.)=2.6 nm. Line (b) is a two-parameter fit to the data using the same
exponential form, resulting in J_(0)=31mA/um’ and L, =5.6 nm.

Figure 37.J.(L) for SrRuO, edge junctions at 4.2 K [67]. Line (a) is J.(L) calculated
from J.=J, exp(~L/ L)), w ith J,0(0) = 0.70 A_(0) /(y2ep,£, (T.)) =5.6 mA/ um* (v, =
1000) and L, = 3.18¢&,,(T.) =4.2 nm. Line (b) is a two-parameter fit to the data using the
same exponential form, resulting in J_(0)= 1.2 mA/um* and L,=8.5 nm.

Figure 38, Comparison of calculated [20] and experimental [75] I.(T; L) for Ca -
substituted YBa,Cu,0,_; junctions with interlayers (a) 20, (b) 40, and (c) 60 nm thick.
Data are indicated by triangles, squares, and circles, respectively. The conventional

proximity effect calculations used no arbitrary fitting parameters, with 7.=88 and
T,.=50 K.

Figure 39, Comparison of calculated [20] and experimental [74] I.(T; L) for Co-
substituted YBa,Cu,0,_; junctions with interlayers (a) 15, (b) 30, and (c) 45 nm thick.
Data are indicated by triangles, squares, and circles, respectively. The conventional

proximity effect calculations used no arbitrary fitting parameters, with 7. =88 and
7,=50 K.
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